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ABSTRACT 
X-ray photoelectron spectroscopy (ESCA) has been used to 
study platinum complexes, s t r u c t u r a l and bonding e f f e c t s i n 
complexes of the type (R^P^PtXY have been i n v e s t i g a t e d , b r i d g i n g 
and terminal chlorines i n dimeric complexes, L2Pt2Cl^, have been 
distinguished and a c o r r e l a t i o n found between C12p binding energies 
35 
and CI n.q.r. frequencies i n square-planar Pt-Cl complexes. 
At ambient temperature the complex (Ph^P)^Pt(C2C1^) has been 
found to undergo layer isomerisation to (Ph^P) -^tCl (CC1 = CC^) . 
Using i n f r a r e d spectroscopy, differences between surface and bulk 
e f f e c t s have been followed and confirmed f o r r e l a t e d complexes. 
Isomerisation could be arrested by studying the o l e f i n complex at 
-110°C. 
Some complexes of the methyleneamino (R2C:N-) and a z a - a l l y l / 
allene (R2CNR2) ligands w i t h molybdenum and tungsten carbonyl 
d e r i v a t i v e s have been studied by ESCA to gain f u r t h e r information 
on t h e i r possible bonding modes. A c o r r e l a t i o n has been found 
between the metal binding energies and the s t r e t c h i n g frequencies 
of attached carbonyl groups. 
I n order to acquire information on a Pt/SiC^ c a t a l y s t f o r 
eventual ESCA study, background i n v e s t i g a t i o n s i n v o l v i n g k i n e t i c , 
deuterium addition/exchange and i . r . studies on the H2_C2H^-Pt/Si02 
system have been performed. Catalyst poisoning has been investigated 
and eliminated, the reported occurrence of 'hydrogen s p i l l o v e r 1 has 
been disproved and the ethylene exchange rate found to be a s e n s i t i v e 
probe of small, but reproducible support e f f e c t s . The i . r . data 
obtained goes some way to re s o l v i n g inconsistencies i n the l i t e r a t u r e . 
The same c a t a l y s t has been subjected to preliminary ESCA i n -
v e s t i g a t i o n , w i t h especial regard to the state of the metal during 
preparation and subsequent cleaning treatments. The a v a i l a b l e 
vacuum conditions were found to be unsuitable f o r adsorption studies. 
ABBREVIATIONS 
BE Binding Energy 
KE K i n e t i c Energy 
nmr nuclear magnetic resonance spectroscopy 
nqr nuclear quadrupole resonance spectroscopy 
glc g a s - l i q u i d chromatography 
m. s. mass spectroscopy 
i . r . i n f r a r e d spectroscopy 
Me Methyl, CH3~ 
Et E t h y l , CH3CH2-
nBu normal B u t y l , CH^CH^CH^ 
Ph Phenyl, C,H -b _> 
vw very weak 
w weak 
m medium 
b broad 
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A l l nature i s but a r t , unknown to thee 
A l l chance, d i r e c t i o n which thou canst not see. 
A l l discord, harmony not understood, 
A l l p a r t i a l e v i l , universal good, 
And, s p i t e of pride i n e r r i n g reason's p l i g h t 
One t r u t h i s clear, whatever i s , i s r i g h t . 
Alexander Pope. 
PART I 
CHAPTER I 
ELECTRON SPECTROSCOPY FOR CHEMICAL APPLICATIONS (ESCA) 
( i ) General I n t r o d u c t i o n 
I n e l e c t r o n spectroscopy the BE's of electrons i n a molecule are 
determined by measurement of the energies of electrons ejected by the 
i n t e r a c t i o n s of the molecule w i t h a monoenergetic beam of e x c i t i n g 
r a d i a t i o n . There are e s s e n t i a l l y three ways to e x c i t e e l e c t r o n spectra, 
namely by X-rays, u.v. l i g h t or electrons. There are advantages and 
also l i m i t a t i o n s attached to each method. 
X-ray e x c i t a t i o n has the great advantage th a t core and valence 
l e v e l s for a l l atoms can be observed using t h i s r a d i a t i o n (e.g. MgK^ ^ 
= 1253.6 eV, AlKo^ ^ = 1486.6 eV)and, furthermore, that not only gases 
but also s o l i d s can be conveniently studied (see below). This technique, 
1 2 
p a r t i c u l a r l y u t i l i s i n g s o f t X-rays, has come to be known as ESCA ' 
(Electron Spectroscopy f o r Chemical Applications) or XPS (X-ray 
photoelectron spectroscopy). 
U.v. e x c i t a t i o n has the advantage that much higher r e s o l u t i o n can 
be obtained because of the lower inherent widths of the u.v. l i n e s 
themselves. The technique i s l i m i t e d to observation of low BE valence 
and molecular o r b i t a l s ( e x c i t i n g energies are usually He* = 21.2 eV 
and He** = 40.8 eV). U n t i l very r e c e n t l y chemical appl i c a t i o n s of t h i s 
branch of el e c t r o n spectroscopy (usually r e f e r r e d to simply as 'photo-
3 
e l e c t r o n spectroscopy', PES) have been l i m i t e d to the study of gases 
although s o l i d s have been in v e s t i g a t e d under uhv conditions f o r many 
4 
years by p h y s i c i s t s ('photoemission' s t u d i e s ) . The two themes are 
now converging but w i l l not be f u r t h e r considered here. 
Electron e x c i t a t i o n , f i n a l l y , has been extensively used f o r 
studying Auger el e c t r o n spectra (see below) of gases and solids"' but 
cannot, of course, produce ordinary photoelectron spectra. Since the 
e l e c t r o n beam can be r e a d i l y focussed and i t s energy continuously 
v a r i e d a higher s e n s i t i v i t y can be achieved compared w i t h X-ray 
e x c i t a t i o n but at the cost of a lower signal/background r a t i o . 
Although the e l e c t r o n escape depth i s not c r i t i c a l l y dependent on the 
energy of the e x c i t i n g r a d i a t i o n the penetration depth f o r electrons 
i s s i m i l a r , only a few atomic layers, compared w i t h ca. 10 A f o r 
X-rays. Electron excited Auger spectroscopy i s thus i d e a l l y s u i t e d to 
surface analysis ( e s p e c i a l l y of metals). The main d i f f i c u l t i e s are 
lack of r e s o l u t i o n and i n i n t e r p r e t a t i o n of spectra. There also e x i s t s 
the p o s s i b i l i t y of using pulse techniques to exc i t e molecules, i n s i t u , 
by e l e c t r o n bombardment and measure the photoelectron spectra, using 
lower energy e x c i t i n g r a d i a t i o n , of the excited states so produced. 
Part I of t h i s thesis i s concerned w i t h the a p p l i c a t i o n of s o f t 
X-ray photoelectron spectroscopy (hereafter r e f e r r e d to as ESCA) to 
studies i n inorganic and surface chemistry. The advantages of ESCA 
f o r studies i n these f i e l d s can be summarised as follows: 
a) a l l elements i n the p e r i o d i c table from L i onwards can be studied 
w i t h high s e n s i t i v i t y , regardless of any spin properties of the 
nucleus, 
b) the sample may be a s o l i d , l i q u i d or gas and the technique i s 
e s s e n t i a l l y non-destructive, 
c) the sample requirement i s modest; i n favourable cases 1 mgm. of 
s o l i d , 0.1 |j, l of l i q u i d , 0.5 cc of gas (at STP) or, i n surface 
work, f r a c t i o n s of a monolayer, 
d) the information obtained i s d i r e c t l y r e l a t e d to the e l e c t r o n i c 
s t r u c t u r e of a molecule and the t h e o r e t i c a l i n t e r p r e t a t i o n i s 
r e l a t i v e l y s t r a i g h t f o r w a r d , 
e) information can be ohtained on both core and valence levels of 
molecules, 
f ) w i t h commonly used X-ray sources (Mg,Al) the escape depth f o r 
o 
photoelectrons i s generally i n the range 0-50A., enabling surface 
e f f e c t s to be probed. 
Since the technique i s r e l a t i v e l y new to applications i n chemistry 
(the work described herein was c a r r i e d out w i t h the f i r s t a v a i l a b l e 
instrument i n t h i s country) i t i s p e r t i n e n t to discuss the development 
of ESCA as w e l l as the theory and instrumentation i n a l i t t l e more 
d e t a i l . 
( i i ) H i s t o r y and Development 
The energy d i s t r i b u t i o n of electrons i n various elements was f i r s t 
i n v e s t i g a t e d by means of X-ray i r r a d i a t i o n of t h i n f o i l s (producing 
photoelectrons v i a the Compton e f f e c t ) between ~ 1914-25 by Robinson 
( i n England) and de Bro g l i e ^ ( i n France). Energy analysis of the 
transmitted photoelectrons was performed using a homogeneous magnetic 
f i e l d and the d i s t r i b u t i o n s were recorded photographically - a magnetic 
e l e c t r o n spectrograph. Although the anode m a t e r i a l emits a continuous 
spectrum (bremsstrahlung) there are also c h a r a c t e r i s t i c X-ray l i n e s 
which provide the p r i n c i p l e e x c i t i n g energy (e.g. Ko/ 9 from Mg or A l ) . 
Thus e l e c t r o n d i s t r i b u t i o n s were obtained which were characterised by 
long t a i l s w i t h edges at the high energy end. Measurement of these 
edge p o s i t i o n s gave a determination of the energies of the photoelectrons 
ejected from d i f f e r e n t atomic s h e l l s and hence t h e i r binding energies 
from a knowledge of the energy of the e x c i t i n g X-ray l i n e s . However, 
the edge p o s i t i o n s were not w e l l defined because the electrons 
emerging from the sample ( f o i l ) underwent c o l l i s i o n processes leading 
to energy loss (energy absorption by the sample). 
Similar data i s obtainable from X-ray spectroscopy (absorption 
and emission); consequently at t h i s stage of research photoelectron 
spectroscopy was i n competition w i t h X-ray spectroscopic methods. The 
precise r e l a t i o n s h i p between these spectroscopies i s discussed below 
(Section ( i i i ) ) . I n X-ray absorption the primary X-ray beam passes 
through a t h i n f o i l and the absorption spectrum i s obtained w i t h an 
X-ray spectrometer. The observed absorption bands correspond to the 
e x c i t a t i o n of electrons from inner she l l s to the conduction band and 
have edge p r o f i l e s . The data i s closely r e l a t e d to that from photo-
e l e c t r o n spectroscopy and, u n t i l r e c e n t l y , could be obtained more 
r e a d i l y and w i t h greater accuracy. X-ray emission spectra are obtained 
by a primary X-ray beam e x c i t i n g secondary X-ray emission from the 
sample since d i r e c t emission by elec t r o n bombardment leads to 
decomposition of most chemical compounds. Line spectra are obtained 
(superimposed on a continuous bremsstrahlung spectrum) from which the 
energy differences w i t h i n the atom are obtained w i t h considerable 
accuracy. BE1s are not obtained, however. The combined X-ray 
spectroscopy was much more successful than contempory photoelectron 
spectroscopy, consequently the l a t t e r went i n t o recession apart from 
a few i s o l a t e d attempts to extend the earl y work of Robinson and de 
Bro g l i e . 
I n connection w i t h studies i n nuclear physics i n the early 1950's 
aniron-free magnetic double-focussing e l e c t r o n spectrometer w i t h high 
r e s o l u t i o n properties was developed by Siegbahn and co-workers at 
13 
Uppsala. The p r e c i s i o n f o r momentum r e s o l u t i o n measured f o r {3-particle 
emitted from a r a d i o a c t i v e source was w i t h i n 1:10 (equivalent to a 
pr e c i s i o n of 0.1 eV i n the measurement of a peak p o s i t i o n i n the 
10,000 eV r e g i o n ) . I n 1954 attempts were made, using t h i s instrument, 
to record, at high r e s o l u t i o n , photoelectron spectra produced by X-rays. 
A new observation then changed the course of f u t u r e development of the 
technique. This was the appearance, under high r e s o l u t i o n , of a very 
sharp l i n e which could be resolved from the edge of each el e c t r o n v e i l 
( F i g . 1.1). I t was r e a l i s e d that the photoelectrons to which t h i s l i n e 
corresponded had the important property that they did not s u f f e r energy 
absorption and, therefore, possessed the BE of the core l e v e l from which 
they arose. The peak p o s i t i o n could be measured w i t h considerable 
p r e c i s i o n , to a few tenths of an eV. 
I t was already known at t h i s time t h a t the pos i t i o n s of emission 
l i n e s and absorption edges i n X-ray spectroscopy were not s o l e l y an 
atomic property but were to a small extent dependent on the chemical 
14 15 
st a t e of the atom. ' However, the chemical e f f e c t s were d i f f i c u l t 
to measure accurately and very o f t e n d i f f i c u l t to i n t e r p r e t 
t h e o r e t i c a l l y . Siegbahn and co-workers f i r s t studied these chemical 
e f f e c t s f o r copper and i t s oxides; the value of elec t r o n spectroscopy 
16 
fo r measurement of chemical ' s h i f t s ' was apparent from t h i s work, 
17 18 
but i t s general u t i l i t y was appreciated only as re c e n t l y as 1964. ' 
The e f f e c t i s i l l u s t r a t e d by the much reproduced, but nevertheless 
elegant, example i n Fig.1.2. 
C/s 
M g O Cu-X-rays 
1s(CuKoc,) 
ExiOO 
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7. 
( i i i ) Theory of Electron Spectroscopy 
This section o u t l i n e s the theory of e l e c t r o n spectroscopy as i t 
r e l a t e s to the chemical applications described i n the f o l l o w i n g 
chapters. 
The fundamental processes involved i n ESCA are: 
Electron E j e c t i o n 
A + hv^ > A + (Photoionisation) 
where i s the frequency of the e x c i t i n g X - r a d i a t i o n . 
E l e c t r o n i c Relaxation 
I -ft j 
1) A > A + hv2 (X-ray Emission) 
2) A > A ~*~ e2 (Auger Electron 
Emission) 
(a) Photoionisation Processes 
The energy l e v e l diagram f o r an e l e c t r i c a l i n s u l a t o r i s shown 
i n Fig.1.3; t h i s d i f f e r s from the equivalent diagram f o r a conducting 
s o l i d i n the p o s i t i o n of the Fermi l e v e l which f o r the l a t t e r i n t e r -
faces the merging valence and conduction bands. The vacuum l e v e l 
* The Fermi l e v e l E^ may be defined by 
j N(E)dE = N 
o 
where N(E) = Z(E)F(E) (functions of energy, E), Z(E) i s the density 
o f states f o r fermi p a r t i c l e s (electrons i n t h i s case) i . e . the 
number of states (energy l e v e l s ) between E and E + AE, F(E) i s the 
fermi p r o b a b i l i t y d i s t r i b u t i o n ; the p r o b a b i l i t y t h a t a fermi p a r t i c l e 
i n a system at thermal e q u i l i b r i u m at temperature T w i l l be i n a stat e 
w i t h energy E. 
( F F f}kT 
F(E) = l / e v ' + 1 (kT « E f ) . N i s the t o t a l number of p a r t i c l e s 
i n the system. Hence the electrons f i l l the a v a i l a b l e states up to the 
Fermi l e v e l . 
z 
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represents the energy of an el e c t r o n which has been removed to i n f i n i t y . 
I n t h i s diagram photoejection i s shown f o r I s and 2p electrons w h i l e 
X-ray absorption i s demonstrated for the 2s el e c t r o n , showing the low 
and high energy l i m i t s of the t r a n s i t i o n . The upper energy l i m i t f o r 
t h i s t r a n s i t i o n (the vacuum l e v e l ) i s the same energy as required f o r 
pho t o i o n i s a t i o n . Hence, as i n d i c a t e d above, the information contained 
i n binding energy studies from photoelectrons i s i n t r i n s i c a l l y 
contained i n X-ray absorption data although i t i s much more d i f f i c u l t 
to e x t r a c t i n the l a t t e r case. The r e l a t i o n s h i p between the two types 
of spectra i l l u s t r a t e s these points (Fig.1.4). The photoelectron peaks 
are designated by the term symbols of the p o s i t i v e hole s t a t e l e f t 
2 
behind. Thus photoejection of the I s e l e c t r o n leaves a K hole - a 
s t a t e . 
Photoionisation i s not equally probable for a l l electrons w i t h i n a 
given atom or o f the same energy l e v e l among d i f f e r e n t atoms. Generally, 
2 
pho t o i o n i s a t i o n i s in v e r s e l y p r o p o r t i o n a l to r where r i s the o r b i t a l 
radius. Hence f o r l i g h t atoms photoionisation of a 2s electron i s about 
20 times less probable than f o r the Is e l e c t r o n . However, o r b i t a l 
radius c o n t r a c t i o n w i t h increasing nuclear charge (Z) renders t h i s less 
important as atomic number increases w h i l s t the cross-section f o r 
p h o t o i o n i s a t i o n from a given core l e v e l i s approximately p r o p o r t i o n a l 
Although f o r s o f t X-ray sources core electrons have the highest 
p h o t o i o n i s a t i o n cross-sections, i o n i s a t i o n of outer (valence) electrons 
can s t i l l occur w i t h reasonable p r o b a b i l i t y . Indeed observation of 
these peaks i s important because the cross-section f o r p h o t o i o n i s a t i o n 
of valence electrons varies i n markedly d i f f e r e n t ways, depending on 
10. 
the symmetry of the o r b i t a l involved, w i t h the energy of the e x c i t i n g 
r a d i a t i o n . Hence comparison of ESCA valence peaks w i t h corresponding 
peaks from PES experiments can give valuable information w i t h regard 
to o r b i t a l symmetry (Fig.1.5). 
(b) E l e c t r o n i c Relaxation Processes 
Fig.1.6 summarises the e l e c t r o n i c r e l a x a t i o n processes f o r an 
2 
exci t e d ion w i t h a primary vacancy i n the K s h e l l ( S^  hole s t a t e ) . 
I f an e l e c t r o n i c t r a n s i t i o n from a higher o r b i t a l to f i l l the I s 
vacancy occurs new hole states w i l l r e s u l t (shown on the r i g h t of the 
diagram) together w i t h the emission of excess energy as a photon. The 
normal Ka and K(3 X-ray emission l i n e s are shown as t r a n s i t i o n s from 
the 2p and 3d o r b i t a l s to the Is o r b i t a l r e s p e c t i v e l y . These 
represent normal X-ray fluorescence (p h o t o i o n i s a t i o n by X-rays) or 
X-ray emission ( e l e c t r o n e x c i t a t i o n ) . 
A l t e r n a t i v e l y the excited ion can r e l a x by Auger electron emission, 
also shown i n Fig.1.6. Auger emission i s a r a d i a t i o n l e s s process i n 
which an e l e c t r o n from a higher o r b i t a l undergoes a t r a n s i t i o n to the 
primary vacancy, the energy being t r a n s f e r r e d to another electron i n 
one of the outer s h e l l s which i s ejected from the atom. Two such 
events are shown i n Fig.1.6. I n the KLL Auger emission a 2p (L) 
e l e c t r o n drops to the l s ( K ) vacancy while another 2p (L) e l e c t r o n i s 
ejected. I n the second case a 3p (M) e l e c t r o n i s ejected instead 
g i v i n g a KLM Auger e l e c t r o n emission. When the primary vacancy i s 
created i n one of the inner subshells of the L,M ... s h e l l s , the 
e x c i t a t i o n energy i s o f t e n s u f f i c i e n t to b r i n g about a process i n 
which one of the two f i n a l vacancies l i e s i n an outer subshell of the 
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primary vacancy's s h e l l , e.g. L^ L^ M,.. These are c a l l e d Coster-Kronig 
t r a n s i t i o n s . 
As shown i n Fig.1.7 the r a d i a t i o n l e s s d e - e x c i t a t i o n of an atom by 
emission of electrons i s o f t e n more probable than the r a d i a t i v e de-
e x c i t a t i o n by X-ray emission. At low atomic numbers the Auger y i e l d i s 
v i r t u a l l y 1007o which explains why X-ray fluorescence i s not a useful 
technique f o r studying l i g h t elements. Auger peaks occur i n ESCA 
spectra along w i t h photoelectron peaks but t h e i r KE's are independent 
of the energy of the e x c i t i n g r a d i a t i o n ; t h i s property allows them to 
be r e a d i l y i d e n t i f i e d when there i s possible confusion. 
(c) Comparison of ESCA and X-ray Spectroscopy 
The above discussion of ph o t o i o n i s a t i o n and e l e c t r o n i c 
r e l a x a t i o n indicates the r e l a t i o n s h i p between ESCA and X-ray absorption 
and emission spectroscopy. Referring again to Fig.1.4 and remembering 
that p h o t o i o n i s a t i o n occurs at the upper energy l i m i t of the absorption 
band the spacing of L and K ESCA peaks should correspond to the spacing 
of absorption edges i n the X-ray spectrum. S i m i l a r l y , because X-ray 
fluorescence involves t r a n s i t i o n s from higher o r b i t a l s to the core-hole, 
spacing of X-ray fluorescence (or emission) l i n e s should also correspond 
to those i n the ESCA spectrum. From Fig. 1.4 the Ko/^  - Kc^ separation 
should equal the L^-L^ (2p^-2p^^) separation. I n the measurement of 
BE's and chemical s h i f t s ESCA scores h i g h l y over e i t h e r of these 
techniques. The advantage of measuring narrow l i n e s rather than i l l -
defined edges (as i n X-ray adsorption) has already been noted, hence 
ESCA i s much more r e a d i l y applied to the measurement of chemical 
s h i f t s . Line widths i n ESCA are generally narrower than i n X-ray 
fluorescence spectra, hence spacings can be measured w i t h greater 
14. 
p r e c i s i o n . Fig.1.8 compares the Kor^  and Ko^ emission l i n e s from Cu and 
the corresponding 2p^, 2 p ^ ^ l i n e s i n an ESCA spectrum using MgKo/ 
e x c i t a t i o n . The a t t a i n a b l e r e s o l u t i o n i s much higher i n the emission 
experiment than i n ESCA but the linewidths are much narrower i n the 
l a t t e r spectrum. This i s because the emission l i n e s involve two l e v e l s , 
Cu2p and Culs (broad), w h i l e the ESCA l i n e s involve only the 2p l e v e l . 
(d) C a l c u l a t i o n of Binding Energies from ESCA spectra 
Fig.1.9 i s a representation of the relevant energy l e v e l s of 
sample and spectrometer m a t e r i a l f o r c a l c u l a t i o n of the BE of a core 
l e v e l i n the sample. Again the sample i s taken to be an e l e c t r i c a l 
i n s u l a t o r and i s f u r t h e r assumed to be i n e l e c t r i c a l contact w i t h the 
spectrometer so th a t both have a common Fermi l e v e l . 
The energy of the i n c i d e n t photon which brings about photo-
i o n i s a t i o n of a core el e c t r o n in the sample i s d i s t r i b u t e d amongst four 
processes: 
1) E^ - the binding energy of the core e l e c t r o n r e l a t i v e to the 
Fermi l e v e l of the sample. 
2) 0 - the work f u n c t i o n of the sample; the energy required to 
s 
promote the e l e c t r o n from the Fermi l e v e l to the vacuum l e v e l . 
3) E^ - the r e c o i l energy r e s u l t i n g from conservation of momentum 
i n the photon c o l l i s i o n leading to p h o t o i o n i s a t i o n . 
4) Efci n - the k i n e t i c energy of the f r e e e l e c t r o n . 
Upper l i m i t s f o r r e c o i l energies have been calculated*" f o r photo-
e j e c t i o n of a valence e l e c t r o n f o r Ag, Cu and AIKo/ e x c i t a t i o n ( i n eV): 
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AgKc* CuKo/ AlKa 
H 16 5 0.9 
L i 2 0.8 0.1 
Na 0.7 0.2 0.04 
K 0.4 0.1 0.02 
Rb 0.2 0.06 0.01 
Hence f o r the targets used i n t h i s work (Al,Mg) r e c o i l energies are 
s u f f i c i e n t l y small f o r to be n e g l i g i b l e f o r elements a f t e r L i i n the 
per i o d i c t a b l e . 
I n general, there e x i s t s a small e l e c t r i c f i e l d i n the space 
between the sample and the entrance s l i t to the spectrometer ( i . e . the 
analyser) even i f both are i n e l e c t r i c a l contact. Since t h e i r Fermi 
leve l s are the same, any di f f e r e n c e i n work f u n c t i o n of sample m a t e r i a l 
and spectrometer m a t e r i a l gives r i s e to a p o t e n t i a l d i f f e r e n c e and 
hence an e l e c t r i c f i e l d gradient i n the space between the two. E'. 
k m 
of the el e c t r o n when i t enters the analyser i s thus s l i g h t l y d i f f e r e n t , 
due to acc e l e r a t i o n or deceleration, from the k i n e t i c energy. E, . , 
* O J ' k m 
possessed when leaving the sample. I f 0 g^ i s the work f u n c t i o n of the 
spectrometer m a t e r i a l , then: 
E. . + 0 = E/ . + 0 k m *s k m *sp 
From Fig.1.9 i t can be seen that conservation of energy f o r the photo-
i o n i s a t i o n event gives: 
hv = E, + 0 + E' + E^ (E « 0) v b *sp k m r r 
E = h v - 0 - E' b sp k m 
Since 0 g^ does not depend on the sample m a t e r i a l , the same work 
f u n c t i o n c o r r e c t i o n can be applied to a l l measurements, providing i t 
does not vary w i t h time. A s u f f i c i e n t number of f r e e charge c a r r i e r s 
18. 
must be present i n the specimen so that a thermodynamic e q u i l i b r i u m i s 
maintained. This s i t u a t i o n obtains f o r conductors i n contact w i t h the 
spectrometer but f o r i n s u l a t i n g materials the e q u i l i b r i u m p o s i t i o n 
depends on the composition of the m a t e r i a l and the X-ray f l u x ( g i v i n g 
r i s e to 'charging e f f e c t s ' , see Fig.1.10). By c a l i b r a t i n g the KE scale 
of the instrument to Au4f-, / o BE = 84.0 eV. 0 i s included i n a l l 
7/2 *sp 
measurements (BE 1s then being r e l a t i v e to the spectrometer Fermi l e v e l ) . 
R e l a t i v e BE's are thus calculated from: 
E, = hv - E.' . b k i n 
where i s the measured KE of the photoelectrons. 
(e) Relationship between energy l e v e l s of gaseous and s o l i d samples 
I n discussing charge d i s t r i b u t i o n s i n molecules, as i n f e r r e d 
from BE data from ESCA measurements and especially when comparisons of 
observed s h i f t s are made w i t h those calculated t h e o r e t i c a l l y , i t i s 
important to understand the r e l a t i o n s h i p between the measured BE's i n 
the s o l i d phase and those of the free molecule. 
Fig.1.11 i l l u s t r a t e s the r e l a t i o n s h i p between energy levels f o r 
the case of a covalent s o l i d having no strong intermolecular i n t e r -
actions (e.g. hydrogen bonding). For the two photoionisations indicated 
(from A and B) the BE separation i s : 
* = ( IA " V v a c = ( IA " V f + t ( * H k b " ^ u b > = °3 
and f o r photoionisations from d i f f e r e n t samples the BE s h i f t i n the 
general case i s : 
A " ( IA " V v a c 
= ( I A - I X ) F + ( 0 A - 0 X) + ( 6 A - 6 X) + ( A H X - A H A ) s u b + 
<*HA " fiHX)8«b 
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where I = i o n i s a t i o n energy (100-1000 eV) 
0 = work f u n c t i o n (~ 5 eV) 
6 = charging e f f e c t (< 2 eV) 
^ Hsub = s u b l i m a t : i - o n energy f o r the molecule considered (M) (~0.5 eV) 
^ Hsub ~ sublimation energy f o r the photoionised state M' 
t y p i c a l values f o r these energies being shown i n parentheses. 
For cl o s e l y r e l a t e d materials i n contact w i t h the spectrometer: 
(0 A -«0 X) ~ 0, (6 A - 6 X) = 0 and A ( A H ) g u b terms « 0 
Hence ( I - I ) = ( I - I„)_ and s h i f t s can be understood i n terms of A X vac A X F 
i s o l a t e d molecules. 
Fig. 1.12 shows a s i m i l a r r e l a t i o n s h i p f o r the energy lev e l s of a 
gaseous ion and the i o n i c l a t t i c e ; the terms are equivalent to those 
used above. Typical values are: 
'"vac ^F ^ 100-1000 eV, 1^, depending on l a t t i c e environment 
0 < 10 eV 
AH. ^ ~ 10 eV l a t 
For atoms i n the same l a t t i c e the BE s h i f t i s : 
A = AI = AI„ + l a t t i c e c o n t r i b u t i o n vac F 
and f o r d i f f e r e n t samples (assuming no charging e f f e c t s ) 
A = AL. + A0 + A(AH. . - AH' ) + l a t t i c e c o n t r i b u t i o n s F l a t J. at 
I n t h i s case the l a s t three terms may not approximate to zero as 
i n the covalent s o l i d case, mainly because of the magnitude of the 
l a t t i c e c o n t r i b u t i o n and A(AH, ) terms, so s h i f t s are only 
l a t 
approximately r e l a t e d to free ion s h i f t s and care i n i n t e r p r e t a t i o n i s 
required. 
21. 
When materials are not i n contact w i t h the spectrometer charging 
e f f e c t s vary from sample to sample and terms l i k e (6. - 6 V) ^  0. 
Corrections f o r t h i s e f f e c t can be made and are discussed i n l a t e r 
chapters. 
( i v ) Instrumentation 
Fig.1.13 indicates the major components which make up a photo-
e l e c t r o n spectrometer used f o r X-ray e x c i t a t i o n (ESCA) work. Fig.1.14 
i s a d e t a i l e d cross-section of the source region of the ES100 
instrument manufactured by AEI Ltd. and used i n t h i s work. 
(a) The Source 
X-ray tubes used i n ESCA are of conventional design and 
consist of a heated cathode at high negative (or earth) p o t e n t i a l and 
a water-cooled anode at ground (or high p o s i t i v e ) p o t e n t i a l . The anode 
i s usually a hollow copper tube faced w i t h the required anode m a t e r i a l 
(aluminium or magnesium here). Cooling i s by means of a water j e t 
d i r e c t e d onto the back of the anode face and i s ess e n t i a l because of 
the high power dissipated. Operating conditions of 10-15 kV at 20-
50 mA are common. Rotating anodes can be used to minimise l o c a l i s e d 
heating e f f e c t s . Figl.13 shows the anode to be i n d i r e c t l i n e w i t h the 
cathode filament. I n more recent designs the elec t r o n beam i s focussed 
by e l e c t r o s t a t i c d e f l e c t i o n onto the anode so avoiding the p o s s i b i l i t y 
of deposition of tungsten from the filament onto the anode, a problem 
which can be s i g n i f i c a n t when l i g h t elements are used f o r the anode. 
As shown, the X-ray tube and sample compartments are separated by 
a t h i n window (usually Al f o i l ) , through which the X-ray beam passes, 
which prevents scattered electrons from the X-ray source g e t t i n g to the 
sample. Tungsten deposition on t h i s window (causing loss of transmission) 
can also be a problem. 
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I t i s possible to monochromatise the X-ray beam but t h i s i s considered 
separately i n Part ( e ) . 
(b) Electron Energy Analysers 
The types of analyser which have been used i n photoelectron 
19 
spectroscopy (high and low energy) have been b r i e f l y reviewed r e c e n t l y . 
I n much of the early, low energy (PES) work the c y l i n d r i c a l r e t a r d i n g 
20 
g r i d analyser was used but t h i s has several disadvantages compared 
w i t h the magnetic and e l e c t r o s t a t i c d e f l e c t i o n analysers which have 
superceded i t , the simplest being the 127° c y l i n d r i c a l sector analyser^* 
(the angle 127° 17' i s chosen because there i s an elec t r o n t r a j e c t o r y 
22 
refocussing property at th a t angle ) . This arrangement i s shown i n 
Fig.1.15(a). The method of varying the p o t e n t i a l on the analyser plates 
so t h a t electrons of d i f f e r e n t energies are focussed i n tu r n on the 
23 
e x i t s l i t f inds another v a r i a t i o n i n the p a r a l l e l p l a t e analyser 
shown i n Fig.1.15(b). Both these devices are of the single-focussing 
type. 
Double-focussing analysers provide a higher i n t e n s i t y s i g n a l f o r 
a given r e s o l u t i o n ; the focussing action i n the plane of the analyser 
(as i n the single-focussing types) i s supplemented by d i r e c t i o n a l 
focussing along great c i r c l e s of a spherical sector. This l a t t e r idea 
24 
was f i r s t suggested by Aston i n 1919. This i s c l e a r l y seen i n 
25 
comparing the c y l i n d r i c a l m i r r o r analyser (double-focussing) shown 
i n Fig.1.15(c) w i t h the p a r a l l e l p l a t e analyser (Fig.1.15(b)). 
ESCA instruments use double-focussing analysers w i t h e i t h e r 
magnetic or e l e c t r o s t a t i c d e f l e c t i o n . Magnetic systems were, as 
mentioned e a r l i e r , the f i r s t to be used and designs are s t i l l based on 
26 
the o r i g i n a l of Siegbahn et a l . These are i r o n - f r e e instruments 
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generally made from brass or aluminium w i t h a radius of about 30 cm. 
Double-focussing i s provided by an inhomogenous magnetic f i e l d 
produced by a set of four c y l i n d r i c a l c o i l s placed about the el e c t r o n 
t r a j e c t o r y , as shown i n Fig. 1.16, the c r i t i c a l angle being T T / T ^ . The 
double-focussing spherical e l e c t r o s t a t i c analyser was f i r s t described 
27 
by P u r c e l l i n 1938 and has now been developed and widely applied. 
Various sections of the two sphe r i c a l analyser plates are used, the 
o 28 
most popular being the hemispherical (180 ) system, shown i n Fig. 
1.13. 
Because e l e c t r o n paths are influenced by magnetic f i e l d s , i t i s 
necessary to have the el e c t r o n t r a j e c t o r y determined only by the f i e l d 
of the analyser. This means that the earth's magnetic f i e l d must be 
reduced to e f f e c t i v e l y zero i n the spectrometer v i c i n i t y . The earth's 
f i e l d can be compensated f o r i n two ways. A series of v e r t i c a l and 
29 
h o r i z o n t a l Helmholtz c o i l s can be used w i t h the magnetic spectrometer 
30 
but elaborate c o i l and monitoring systems are o f t e n needed. Shields 
made of paramagnetic materials such as p,-metal f u n c t i o n by concentrating 
the l i n e s of force of the earth's f i e l d and can be used w i t h e l e c t r o -
s t a t i c instruments. They cannot be used w i t h magnetic instruments 
since they would also perturb the spectrometer f i e l d . I t i s probably 
f o r t h i s reason th a t a l l the commercial ESCA instruments use the more 
compact e l e c t r o s t a t i c analyser systems, despite the problems involved 
i n engineering spherical sector plates to high tolerances. 
An instrument r e s o l v i n g power of E/AE = 300 or be t t e r i s obtained 
r e a d i l y w i t h the d e f l e c t i o n instruments described above, which 
corresponds to a peak h a l f - w i d t h ( f u l l width at h a l f maximum peak 
height) of 3.3 eV (AE) f o r a 1 keV el e c t r o n (E). Since the inherent 
27. 
width of the e x c i t i n g X-ray l i n e i s less than 1 eV (0.7 eV f o r MgKa- 9; 
0.9 eV f o r AlKc^ ^ w i t h t h i s s o r t of energy (1253.6 eV fo r MgKa, 
1486.6 eV f o r AIKo/) there i s room f o r improvement. Since the f r a c t i o n a l 
r e s o l u t i o n AE/E CC R/W where R i s the mean radius of the instrument and 
W i s the combined width o f the entrance and e x i t s l i t s , the r e s o l u t i o n 
can be increased by: 
( i ) making W smaller by reducing the s l i t dimensions. This also 
reduces the s i g n a l i n t e n s i t y , 
( i i ) increasing R by choosing a larg e r radius analyser. This 
increases the engineering d i f f i c u l t i e s , 
( i i i ) reducing E by r e t a r d i n g the electrons before they enter the 
analyser. 
Compromise solutions f o r ( i ) and ( i i ) are necessary but ( i i i ) i s an 
ingeneous idea because i t can simultaneously enhance the signal i n t e n s i t y . 
This system i s incorporated i n tihe AEI ES100 design used i n the present 
work and worthy of f u l l e r d e s c r i p t i o n . 
The theory of e l e c t r o n r e t a r d a t i o n was described by Helmer and 
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Weichert, the f o l l o w i n g summary being based on t h e i r o r i g i n a l paper. 
The transmitted e l e c t r o n current, I , of an ESCA spectrometer i s given 
by: 
I = BAQ (1) 
where B i s the brightness of elec t r o n i l l u m i n a t i o n of the entrance s l i t 
( i n u n i t s of c u r r e n t / u n i t area/unit s o l i d angle) and AQ i s the luminosity 
of the spectrometer where A i s the area of the entrance s l i t and Q i s the 
solid-angle aperture of the spectrometer as viewed from the entrance 
s l i t . 
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The brightness, B, i s determined by the i n t e n s i t y of the X-ray 
beam which i r r a d i a t e s the sample and i s r e l a t i v e l y low, hence the 
double-focussing designs to achieve high luminosity. I t turns out tha t 
the luminosity can be expressed by: 
An = CR 2(AE/E) 2 (2) 
where R i s the radius of curvature of the beam centre l i n e and C i s a 
constant. The brightness law indicates that the brightness of the 
ele c t r o n beam i s p r o p o r t i o n a l to i t s k i n e t i c energy: 
B = (B /E )E (3) o o 
combining ( 1 ) , (2) and (3) gives: 
I = B CR 2[(AE) 2/E E] (4) o o 
Retarding the source electrons by a f a c t o r of ten (e.g. E/E Q = 
100/1000) correspondingly reduces the brightness (3) but from (2) the 
luminosity can be increased by a f a c t o r of 100, by increasing the s l i t 
dimensions and acceptance angles, without a f f e c t i n g AE (the peak w i d t h ) . 
So from (4) the o v e r a l l gain i n i n t e n s i t y ( I ) i s a f a c t o r of 10. 
The energy spread of the source electrons i s unaltered when a l l 
the electrons are retarded by the same p o t e n t i a l d i f f e r e n c e , which 
gives r i s e to the decrease i n peak width (AE) noted above. The only 
l i m i t to the increase i n transmission achievable from (4) i s the 
p r a c t i c a l d i f f i c u l t y of focussing very slow electrons coupled w i t h the 
d i f f i c u l t y i n designing very large aperture spectrometers. 
(c) Detection systems 
The detector i s an el e c t r o n counter. Three methods have been 
used i n ESCA instruments: G-M counters, e l e c t r o n m u l t i p l i e r s and photo-
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graphic p l a t e s . The G-M type detector o r i g i n a l l y used by Siegbahn et 
al*" was a p r o p o r t i o n a l flow counter using a Formovar window and a post-
acceleration system f o r detection of electrons w i t h energies less than 
2 keV. 
Electron m u l t i p l i e r s are more convenient, e s p e c i a l l y the continuous 
channel ('channeltron 1) type which counts electrons w i t h high e f f i c i e n c y 
to very low energies and, being small, can be placed r e a d i l y i n the 
f o c a l plane of the analyser. S e n s i t i v i t y can be improved by using 
several t i n y m u l t i p l i e r s arranged over the length of the e x i t s l i t . 
Dynode-type ele c t r o n m u l t i p l i e r s i n conjunction w i t h charge s e n s i t i v e 
a m p l i f i e r s have also been used. 
Photographic detection o f f e r s the advantage of i n t e g r a t i n g over 
f l u c t u a t i o n s i n the e x c i t i n g r a d i a t i o n (dependent upon the s t a b i l i t y 
of the X-ray generator) and i s capable of detecting very low e l e c t r o n 
s i g n a l s . I n most cases i t i s much less convenient than the m u l t i p l i e r 
system but comes to prominence when X-ray monochromation i s used (see 
l a t e r ) . 
(d) Data A c q u i s i t i o n 
There are b a s i c a l l y two ways of obtaining the required 
information from the detection system: continuous scanning and 
incremental (step) scanning, multichannel analysis being a v a r i a t i o n 
on both themes. 
I n the continuous scan system the p o t e n t i a l d i f f e r e n c e across the 
plates ( i n the e l e c t r o s t a t i c instruments) or the f i e l d ( i n magnetic 
instruments) i s continuously increased w i t h time while the detector 
signal i s monitored by a ratemeter. Synchronisation of the spectrometer 
current and the r a t e meter output allows the continuous recording of a 
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spectrum ( e l e c t r o n counts a g a i n s t k i n e t i c e n e r g y ) on an X-Y p l o t t e r 
i f the s i g n a l - t o - n o i s e r a t i o i s h i g h enough. 
The s t e p s c a n mode i n c r e a s e s the c u r r e n t through the s p e c t r o m e t e r 
i n a s e r i e s o f s m a l l s t e p s ( e . g . c o r r e s p o n d i n g to a 0.1 eV s t e p i n 
k i n e t i c energy o f the e l e c t r o n s ) and u s e s a s c a l a r to count the 
d e t e c t o r s i g n a l d u r i n g the time i n t e r v a l g i v i n g a p o i n t spectrum. 
T h i s system i s e a s i l y automated and computerised. 
The m u l t i c h a n n e l a n a l y s e r approach e s s e n t i a l l y combines the two 
by sdanning a l a r g e number o f i n c r e m e n t s c o n t i n u o u s l y between two s e t 
l i m i t s of the f i e l d . The counts d e t e c t e d a t each s t o p p i n g p o i n t s a r e 
accumulated i n s e p a r a t e c h a n n e l s , the c o n t e n t s of which can be o u t -
p u t t e d i n a v a r i e t y of ways. T h i s system i s p a r t i c u l a r l y amenable to 
c o m p u t e r i s a t i o n . 
( e ) Recent Developments 
I n the i n s t r u m e n t d e s i g n s d e s c r i b e d above the X - r a y s a r e not 
f i l t e r e d b e f o r e s t r i k i n g the sample. As a r e s u l t the p r e s e n c e of t h e 
b r e m s s t r a h l u n g background and o t h e r ( l e s s i n t e n s e ) X-ray e m i s s i o n 
c o m p l i c a t e s the ESCA spectrum which i s p r i m a r i l y due to Ko?_ 0 e x c i t a t i o n . 
The a t t a i n a b l e r e s o l u t i o n i s l i m i t e d by the i n h e r e n t w i d t h of t h i s l i n e 
(0.7 eV f o r Mg, 0.9 eV f o r A l ) w h i c h i s not n e g l i g i b l e compared w i t h the 
range o f c h e m i c a l s h i f t s f o r a g i v e n element (~ 10 eV) and g r e a t e r than 
most c o n v e n i e n t l y s t u d i e d c o r e l e v e l l i n e w i d t h s (~ 0.3 e V ) . 
Monochromation o f the X-ray beam was d e s c r i b e d by Siegbahn's group* 
32 
as a way o f d e a l i n g w i t h t h e s e problems. They now r e p o r t p r o g r e s s i n 
t h i s d i r e c t i o n u s i n g a s p h e r i c a l l y bent q u a r t z c r y s t a l monochromator and 
a ' d i s p e r s i o n compensation 1 s y s t e m to i n c r e a s e s e n s i t i v i t y w i t h o u t l o s i n g 
r e s o l u t i o n . I n t h i s the v a r i o u s g e o m e t r i c a l and e l e c t r i c a l parameters 
of the system are chosen so that the dispersion of the lens-analyser 
combination f o r the electrons i s equal i n magnitude and opposite i n 
sign to the dispersion of the monochromator for the X-ray beam, so 
that they e f f e c t i v e l y cancel. This means t h a t , i n p r i n c i p l e , the X-
ray l i n e width does not contr i b u t e to the width of the ele c t r o n l i n e s 
at the e x i t plane of the analyser, no s l i t s being used. 
A l t e r n a t i v e l y , or when dispersion compensation i s d i f f i c u l t to 
achieve, as w i t h s o l i d s w i t h very uneven surfaces or w i t h gas samples, 
a narrow s l i t placed between the monochromator and the target can be 
used to produce, i n p r i n c i p l e , a l i n e width, less than that of the 
Ko/^  2 doublet, which w i l l not g r e a t l y contribute to the measured photo-
e l e c t r o n l i n e - w i d t h ( s l i t f i l t e r i n g ) . I n p r a c t i c e the severe loss i n 
i n t e n s i t y i n t h i s case necessitates a compromise and the use of very 
high power r o t a t i n g anodes (e.g. 5-10 kW) plus improved detection 
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systems. However, the s i t u a t i o n i s not as bad as i t seems at f i r s t 
s i g h t because the signal-to-background r a t i o i s g r e a t l y improved by 
the absence of the bremsstrahlung r a d i a t i o n . Using t h i s system w i t h 
an e f f e c t i v e X-ray l i n e width of 0.2 eV (Al) the Cls l i n e - w i d t h from 
33 
gaseous CF^ i s only 0.52 eV, compared w i t h about 1.2 eV obtainable 
from the best present generation instruments f o r s i m i l a r i n t e n s i t i e s , 
(as a condensed f i l m ) . " ^ 
(v) Review of ESCA applic a t i o n s i n Inorganic Chemistry 
The growth of the f i e l d of X-ray photoelectron spectroscopy has 
been q u i t e dramatic. Research papers dealing w i t h ESCA as a technique 
or using ESCA as a technique to i n v e s t i g a t e chemical phenomenon have 
been appearing f o r less than four years - re c o g n i t i o n of the u t i l i t y of 
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chemical s h i f t data occurred only i n 1964 - yet the number of 
commercial instruments i n existence or under development f a s t 
approaches double f i g u r e s . The ESCA l i t e r a t u r e i s expanding very 
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r a p i d l y : of the two purposeful reviews to date the f i r s t covered the 
l i t e r a t u r e to the end of 1970 and included about 20 references to 
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ap p l i c a t i o n s i n inorganic chemistry w h i l s t the second covered 1968-
1971 w i t h some 60 references i n the same area. The 1972 l i t e r a t u r e 
i n d i c ates f u r t h e r r a p i d growth of the f i e l d . I n t h i s section, th e r e f o r e , 
a t t e n t i o n i s concentrated on d e f i n i n g the major d i r e c t i o n s of work and 
discussing those reports which best i l l u s t r a t e the contributions ESCA 
can make i n inorganic studies i n general. 
Since ESCA i s a new spectroscopic technique one of the trends has 
been the c o r r e l a t i o n of new data w i t h those obtainable by other 
techniques. The o r i g i n of core electron s h i f t s being p r i m a r i l y due to 
valence s h e l l changes a c o r r e l a t i o n between nmr and ESCA s h i f t s has 
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been predicted and claims made f o r i t s observation f o r P2p BE's and 
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P chemical s h i f t s i n quatenary phosphonium complexes. However, i n 
13 
the organic f i e l d C nmr data and Cls BE's f o r the halogenated methanes 
3 9a 
have now shown such c o r r e l a t i o n s to be i n v a l i d though early data on 
39b 
r e s t r i c t e d series gave inconclusive r e s u l t s . Providing s i m i l a r 
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series of complexes are chosen there i s a c o r r e l a t i o n between CI nqr 
frequencies and CI 2p BE's i n square-planar Pt complexes ( t h i s w o r k ) . ^ 
A c o r r e l a t i o n between core l e v e l BE's and Mossbauer chemical s h i f t s 
41 
might also be a n t i c i p a t e d and t h i s has been observed f o r both t i n and 
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i r o n compounds. 
A large part of the work to date has been the general i n v e s t i g a t i o n 
of series of compounds of a given element i n order to gather data on 
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chemical s h i f t s , p a r t i c u l a r l y with a view to e s t a b l i s h i n g BE regions 
corresponding to c e r t a i n oxidation s t a t e s . Chemical s h i f t data of some 
kind has now been accumulated for w e l l over h a l f the elements i n the 
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p e r i o d i c t a b l e . Chemical s h i f t s for sulphur compounds ' const i t u t e d 
t h e f i r s t d e t a i l e d i n v e s t i g a t i o n of these e f f e c t s and included data 
for various sulphur oxyanions. Binding energies for chlorine i n 
44 
oxidation s t a t e s -1 to +7 range cover some 10 eV while for a given 
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change i n oxidation number the s h i f t s for Br seem to f a l l between 
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those reported for CI and I . With compounds of low atomic number 
elements attempts have been made to c o r r e l a t e these BE's with 
c a l c u l a t e d charges from MO c a l c u l a t i o n s of various l e v e l s of s o p h i s t -
47 48 49 50 51 i c a t i o n , e.g. compounds of B, N, S i , P. and As. These have 
met with l i m i t e d success, the only d e f i n i t e r e s u l t being the increase 
i n BE as the e l e c t r o n e g a t i v i t y of attached groups i n c r e a s e s . BE data 
have been reported for compounds of various t r a n s i t i o n metals. A 
l i n e a r c o r r e l a t i o n between BE and oxidation s t a t e emerged from a study 
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of Mo compounds. F i r s t row t r a n s i t i o n metal compounds studied have 
c n 47,53,54 _ 53,55 M 53 _ 53 r 56 , __. 57 T 4 m , been those of Cr, ' ' Fe, ' Mn, Co, Cu, and Ni. I t has 
often been the case that general s t u d i e s of t h i s kind have led to the 
observation of unexpected phenomena; the discovery of 'shake-up' s a t e l l i t e s 
i n t r a n s i t i o n metal s p e c t r a i s a case i n point (see Chapter I I , Section 
( i ) e for a b r i e f r e v i e w ) . Platinum and palladium compounds have now 
been e x t e n s i v e l y studied, ^ ' " ^ ^ These r e s u l t s impinge d i r e c t l y on 
t h i s work and are discussed as appropriate. Not s u r p r i s i n g l y , there 
have been attempts to unravel the vexed question of the nature of the 
i r o n s i t e s i n P r u s s i a n blue, with marked success. 3 
The a b i l i t y of ESCA to give information, i n p r i n c i p l e , on a l l atoms 
i n a molecule (except hydrogen) has been e s p e c i a l l y put to good use i n 
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the study of metal complexes. An ea r l y a p p l i c a t i o n of t h i s kind was 
the demonstration t h a t the ligand NH^COCH^CH binds to SnCl^ through 
ni t r o g e n rather than oxygen by measuring the Nls and 01s BE's f o r the 
free and complexed l i g a n d . ^ Complexation was accompanied by an 
increase i n Nls BE (loss of el e c t r o n density through lone-pair 
donation) without s i g n i f i c a n t charge i n 01s BE. The co-ordination of 
su b s t i t u t e d phosphines has been studied i n an attempt to assess vr 
bonding e f f e c t s # ^ > ^ Thus the P2p BE fo r the f r e e phosphine i s 
lower than i n R3PX (X = 0, S, Se) but s i m i l a r to that found f o r R3P 
bonded to metals; e f f e c t i v e balance of a-donation and TT-back bonding 
are invoked to explain the l a t t e r r e s u l t . Q u a l i t a t i v e charge 
d i s t r i b u t i o n s have been i n f e r r e d from studies of t r a n s i t i o n metal 
c a r b o n y l s ^ ' ^  and c y c l o p e n t a d i e n y l s . ^ The attached nitrogen atom i n 
116(^)01 (diphos)^ i s d i s t i n g u i s h a b l e from the unattached nitrogen by 
i t s higher BE,^ but complexed azide (N^) shows'^ a s i m i l a r 2:1 
doublet (of ~ 4 eV separation) to i o n i c azide."'" BE data f o r s a l t s of 
+ _ + _ + the k i n d [ ( P h 3P ) 2N( Ph 3P ) 2] X i n d i c a t e that R3P-N-PR3 i s probably a + ? 2 
b e t t e r representation of the c a t i o n s t r u c t u r e than R3P=N=1PR3. 
However, the n e g l i g i b l e e f f e c t of changing X suggests that varying 
c r y s t a l (Madelung) p o t e n t i a l s are e x e r t i n g a marked influence and 
i l l u s t r a t e s the care required i n i n t e r p r e t a t i o n of BE data from i o n i c 
complexes (See Chapter I I I , Section ( i i ) ) . 
A d d i t i o n a l i n f o r m a t i o n on chemical bonding can be obtained from 
an examination of the m u l t i p l e t s p l i t t i n g s which ar i s e through the 
i n t e r a c t i o n of electrons i n a p a r t i a l l y f i l l e d inner o r b i t a l , produced 
i n p h o t o i o n i s a t i o n , w i t h electrons i n a p a r t i a l l y f i l l e d valence s h e l l . 
'2 
2 
F i r s t demonstrated f o r gaseous 0 0 and NO , the phenomonen has been 
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d i s c u s s e d f o r t r a n s i t i o n m e t a l complexes i n a s e r i e s of papers by 
F a d l e y e t a l ( s e e e.g. r e f . 7 3 and r e f e r e n c e s i n c l u d e d t h e r e i n ) and f o r 
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some r a r e e a r t h compounds. The f a i r l y l a r g e s p l i t t i n g o f the 3s c o r e 
l e v e l (up to 9 eV) by 3d v a l e n c e e l e c t r o n s make paramagnetic f i r s t row 
t r a n s i t i o n m e t a l compounds i d e a l f o r s t u d i e s o f t h i s k i n d . The e f f e c t s 
o f c o v a l e n c y and l i g a n d f i e l d s t r e n g t h on m u l t i p l e t s p l i t t i n g s i n i o n i c 
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compounds o f t h i s type have been w e l l i l l u s t r a t e d and m u l t i p l e t 
s p l i t t i n g measurements on MnO and MnS have been shown to s u b s t a n t i a t e 
t h e f a c t t h a t the i n d i v i d u a l m o l e c u l e s a r e paramagnetic even though 
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the b ulk m a t e r i a l i s a n t i f e r r o m a g n e t i c . A f u r t h e r n eat i l l u s t r a t i o n 
of the u s e f u l n e s s of m u l t i p l e t s p l i t t i n g s comes from a study of C r ( C O ) ^ , 
*75 
CrdT-C^H^)^ and C r ( h f a ) ^ which have 0, 2 and 3 u n p a i r e d v a l e n c e 
(3d) e l e c t r o n s and o x i d a t i o n s t a t e s , 0 +2 and +3 r e s p e c t i v e l y . S p l i t t i n g s 
o f t h e 3s l e v e l agreed w e l l w i t h t h e o r e t i c a l p r e d i c t i o n s . S h i f t s due to 
o x i d a t i o n s t a t e changes were f o l l o w e d through measurements of t h e ^P^/Z 
BE - t h i s l e v e l b e i n g o n l y s l i g h t l y broadened by m u l t i p l e t s p l i t t i n g 
e f f e c t s . I n c o n n e c t i o n w i t h t h i s i t i s i n t e r e s t i n g to note t h a t changes 
i n t h e p o s i t i o n of peak maxima f o r the 2p^ and ^9^/2 P e a ^ s °^ ^° ^ u e t 0 
m u l t i p l e t s p l i t t i n g e f f e c t s i n paramagnetic compounds can r e s u l t i n the 
apparent i n c r e a s e i n s e p a r a t i o n o f t h e s e two p e a k s . ^ 
As mentioned e a r l i e r , v a l e n c e o r b i t a l s can a l s o be s t u d i e d by ESCA 
alt h o u g h count r a t e s a r e o f t e n i n c o n v e n i e n t l y low. V a l e n c e bands f o r 
t h e cuprous h a l i d e s have been r e p o r t e d ^ and f o r the i s o e l e c t r o n i c 
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s e r i e s L i F , BeO, BN and g r a p h i t e . From s i m i l a r o b s e r v a t i o n s , 
i n f o r m a t i o n on the bonding i n s a l t s o f o x y a n i o n s , i n t e r p r e t e d w i t h the 
79-81 
h e l p of MO c a l c u l a t i o n s i s b e g i n n i n g to appear. 
* h f a = h e x a f l u o r o a c e t y l a c e t o n a t e 
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The b a s i c use o f ESCA as an a n a l y t i c a l t o o l has been demonstrated 
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i n a s t u d y of 'polywater'. The s p e c t r a i n d i c a t e d the p r e s e n c e , i n 
2- -
h i g h c o n c e n t r a t i o n , of Na, K, SO^ , CI , NO^ , b o r a t e s , s i l i c a t e s , 
C-0 compounds and o t h e r i m p u r i t i e s , but v e r y l i t t l e w a t e r . On the b a s i s 
o f t h i s e v i d e n c e the e x i s t e n c e of 'polywater' has been doubted. 
CHAPTER I I 
ESCA STUDIES OF SOME SQUARE-PLANAR PLATINUM COMPLEXES ( I ) 
37. 
( i ) P l a t i n u m - o l e f i n complexes. 
( a ) I n t r o d u c t i o n 
Complexes of the type ( R 3 P ) 2 P t L ( L = C2X2' C 2 X 4 ^ i n w h i c h t h e 
m e t a l i s f o r m a l l y c o n s i d e r e d to be i n the z e r o o x i d a t i o n s t a t e o f f e r 
the c l o s e s t model system to the i n t e r a c t i o n of p l a t i n u m and u n s a t u r a t e d 
hydrocarbons. The d e s c r i p t i o n of bonding between m e t a l and l i g a n d i n 
complexes of t h i s k i n d i s s t i l l the s u b j e c t of much d i s c u s s i o n . 
E s s e n t i a l l y the problem i s whether the o l e f i n complex, say, s h o u l d be 
r e p r e s e n t e d as a m e t a l l o c y c l o p r o p a n e d e r i v a t i v e i n v o l v i n g two Pt-C 
(j bonds i n a f o r m a l l y P t 1 1 complex or as a i t - a d d u c t of Pt° ( F i g . 2 . 1 ) , 
and what e f f e c t s u b s t i t u e n t groups i n the o l e f i n have on the bonding 
s i t u a t i o n . 
Pt< 
,C'-*—X 
'C—aSX 
N x 
Pt< 
x v A x 
X' 
x' v x 
P t complex P t adduct 
F i g . 2.1 
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As Collman has p o i n t e d out the q u e s t i o n i s a l s o whether t h e s e 
two bonding ty p e s r e p r e s e n t energy minima o r whether they a r e extreme 
d e s c r i p t i o n s of a g r a d u a l t r a n s f o r m a t i o n . There appears to be no 
a p r i o r i r e a s o n f o r a sha r p boundary between t h e s e extremes and, indeed, 
the f a c t t h a t the r e p o r t e d i n f r a r e d s t r e t c h i n g f r e q u e n c i e s ( v _ ) f o r the 
c l o s e l y r e l a t e d , more s t a b l e , a c e t y l e n e complexes, are s c a t t e r e d over 
38. 
the range 2100-1600 cm suggests a gradual change rather than two 
84 
d i s t i n c t bonding types. The Dewar-Chatt-Duncanson d e s c r i p t i o n of 
85 
the bonding i n such complexes, and a more recent embellishment of 
i t can accomodate any reasonable o x i d a t i o n state of platinum ( f r a c t i o n a l 
or i n t e g r a l ) i n the range 0 to 2. I n t h i s d e s c r i p t i o n the TC o r b i t a l 
of the o l e f i n overlaps w i t h an empty platinum o r b i t a l of appropriate 
symmetry forming a bonding molecular o r b i t a l of cr-type. The 
accumulation of negative charge on the metal can be r e l i e v e d by back 
donation from f i l l e d metal d o r b i t a l s i n t o the r e l a t i v e l y low-lying 
TZ antibonding o r b i t a l of the o l e f i n , forming a bonding molecular o r b i t a l 
of % symmetry. Thus the net e l e c t r o n t r a n s f e r depends on the r e l a t i v e 
magnitudes of the a and % c o n t r i b u t i o n s . 
I n the l a s t few years X-ray c r y s t a l s t r u c t u r e determinations 
have been reported w i t h s u f f i c i e n t accuracy to allow well-grounded 
conclusions about the s t r u c t u r e of these complexes to be reached. 
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Subsequently attempts have been made to account f o r the observed 
p e r t u r b a t i o n of the f r e e - l i g a n d geometry upon co-ordination by 
c a l c u l a t i n g the changes i n ligand geometry which would accompany 
el e c t r o n t r a n s f e r processes i m p l i c i t i n the Dewar-Chatt-Duncanson 
85 
model and by performing c a l c u l a t i o n s on the t o t a l complex, of known 
geometry, i n order to estimate o v e r a l l charge d i s t r i b u t i o n s . 
ESCA has the p o t e n t i a l to increase our understanding here since 
molecular core binding energies r e f l e c t the charges associated w i t h the 
atom i n question and hence provide the means to study d i r e c t l y the 
types of e l e c t r o n r e d i s t r i b u t i o n which are thought to occur. 
(b) Experimental. 
Spectra were recorded on an AEI ES100 el e c t r o n spectrometer 
using MgKax 2 (1253.6 eV) or, occasionally, AlKa^ 2 (1486.6 eV) 
r a d i a t i o n . Samples were studied e i t h e r as powders pressed onto a 
scotch tape backing or, whenever possible, as t h i n f i l m s deposited 
from s o l u t i o n (CH^C^ or CHCl^) on gold, care being taken to prevent 
contamination of the surface. Electrons expelled from the sample 
enter the analyser region c o n s i s t i n g of a two element r e t a r d i n g lens 
and a 10 i n . mean diameter hemispherical analyser. A Mullard 
channeltron e l e c t r o n m u l t i p l i e r i s used as a detector, the output being 
fed to Nuclear Eneterprises counting e l e c t r o n i c s and the spectra being 
p l o t t e d on an X-Y recorder. 
Overlapping peaks were deconvoluted by using a Du Pont 310 curve 
resolver and l i n e shapes of Gaussian form. This l i n e shape was found 
to be quite s a t i s f a c t o r y i n f i t t i n g peaks known to arise from atoms i n a 
si n g l e environment ( i e of one 'type'). Under the conditions used i n 
t h i s work the gold 4 f ^ 2 l e v e l at 84 eV binding energy (used as a 
reference) had a h a l f width of 1.15 eV. Sample charging e f f e c t s are 
p a r t i c u l a r l y serious i n studies of i n s u l a t o r s ; methods used to 
overcome them are described as appropriate. 
(c) Results. 
Binding energies f o r the core levels studied are c o l l e c t e d i n 
Table 2.1. As noted above charging e f f e c t s are a serious problem w i t h 
i n s u l a t i n g s o l i d s . They can be minimised i f a s u f f i c i e n t l y t h i n layer 
of sample on gold i s studied. The uniform s h i f t i n g of the energies of 
the emitted photoelectrons due to the formation of a surface p o t e n t i a l 
seems to be a r a p i d and f a i r l y random process. Within experimental 
e r r o r , estimated on the basis of the expected confidence of peak 
p o s i t i o n and i t s accuracy of measurement to be + 0.3 eV, the BE of the 
Cls electrons from the phenyl groups i n the Ph^P ligands which these 
complexes contain i s expected to be constant since any charge tr a n s f e r 
to or from the ligand i s spread over so many centres. This BE i s 
taken to be 285.0 eV and data from a l l complexes are referenced to 
t h i s value, so e l i m i n a t i n g random charging e f f e c t s . 
For comparison equivalent data f o r two acetylene complexes are 
included together w i t h (Ph^P)^Pt and Pt metal. This l a s t comparison 
i s not s t r i c t l y v a l i d since t h i s i s a conductor and i s i n e l e c t r i c a l 
contact w i t h the spectrometer i n contrast to the remaining samples 
(as discussed i n Chapter I , Section ( i i i ) e ) . However, the e r r o r 
involved i n t h i s comparison i s not thought to be so great as to 
preclude meaningful comment. 
(d) Discussion. 
The main points which emerge from Table 2.1 are as f o l l o w s : 
( i ) Within experimental e r r o r the phosphorus BE's are constant 
throughout the series. 
( i i ) The platinum B.E's f o r the o l e f i n and acetylene complexes are the 
same, again w i t h i n experimental e r r o r , w i t h the exception of 
(Pl^MeP^PtfC,,^] w i t h the metal s l i g h t l y less t i g h t l y bound. 
The 71.2 eV B.E. quoted f o r ( P h 3 P ) 2 P t [ C 2 C l 4 ] has previously 
8 7 
been i n t e r p r e t e d as a value f o r t h i s complex, which undergoes 
isomerisation to (Ph_P) 0PtCl(CCl = CC10) as w i l l be described 
TABLE 2.1 
Comp1ex 
Core Binding Energies (eV) 
P t 4 f ? / 2 P 2 p 3 / 2 Fls Nls 
Pt Metal 71.4 
(Ph 3P) 4Pt 72.0 130.9 
(Ph 3P) 2Pt[H 2C=CH 2] 72.6 130.7 
(Ph 2MeP) 2Pt[F 2C=CF 2] 72.2 130.7 688.4 
(Ph 3P) 2Pt[(NC) 2C=C(CN) 2] 72.5 130.9 399.6 
( P h 3 P ) 2 P t [ c i 2 c = c c i 2 ] * 72.4 131.0 
(71.2) 
(Ph 3P) 2Pt[HC=CH] 72.6 130.7 
(Ph 3P) 2Pt[HC=CPh] 72.5 130.8 
* Thought to undergo isomerisation and possibly decomposition 
(See t e x t ) . 
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f u l l y i n Chapter IV. Comparison w i t h these other r e s u l t s 
now leads us to believe that t h i s may be a c o n t r i b u t i o n from 
m e t a l l i c platinum. A s i m i l a r s i t u a t i o n pertains to the ethylene 
complex. Figure 2.2 shows the P t 4 f ^ 2 ^ spectrum from the 
ethylene complex which can be resolved i n t o two doublets of 
expected h a l f width and separation. The doublet w i t h P t 4 f ^ 2 
BE of 71.1 eV i s again close enough to the value f o r m e t a l l i c 
platinum to suggest t h a t decomposition under X - i r r a d i a t i o n t o 
produce f r e e metal occurs. This s i t u a t i o n i s consistent w i t h 
the known s u s c e p t i b i l i t y of t h i s complex to l o s s of o l e f i n 
compared w i t h the more stable s u b s t i t u t e d o l e f i n and acetylene 
complexes. 
( i i i ) The platinum B.E. i n (Ph^P)^Pt i s roughly intermediate between 
the metal and the o l e f i n / a c e t y l e n e complexes. 
I t i s important to note at t h i s p o i n t that observed B.E. f o r 
P t 4 f ^ 2 electrons i n complexes of the general type cis-CR^P^PtC^ 
are, w i t h i n experimental e r r o r , the same as those f o r the o l e f i n / 
acetylene complexes, e.g. cisCPh^P) 2PtCl 2: P t 4 f ^ 2 = 72.5 eV. These 
complexes are discussed i n l a t e r sections but t h i s r e s u l t has notable 
s i g n i f i c a n c e i n the i n t e r p r e t a t i o n of the above r e s u l t s . 
During the course of t h i s work B.E. data f o r some of these 
88 
complexes have been reported. Cook et a l have given data f o r 
(Ph 3P) 4Pt, ( P h 3 P ) 2 P t ( C 2 H 4 ) , (Ph 3P) 2Pt(C 2Ph 2) and ( P h 3 P ) 2 P t C l 2 while 
Mason e t a l discuss ( P t ^ P ^ P t ( C ^ ) (X = H, CI, F, CN) and 
( P h 3 P ) 2 P t C l 2 < At the present time i t seems unwise to concentrate on 
43. 
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'absolute 1 values of B.E's since these are heavily dependent on 
instrumental c a l i b r a t i o n and c o r r e c t i o n f a c t o r s ; f o r i n t e r p r e t a t i o n a l 
purposes the r e l a t i v e B.E's of a given core l e v e l w i t h i n a series are 
of prime importance. Broadly speaking the r e s u l t s are i n s a t i s f a c t o r y 
agreement w i t h one important exception. The P t 4 f ^ 2 B.E. f° r 
o o 
( P h 3 P ) 2 P t C l 2 reported by Cook et a l i s ~ 1 eV higher than f o r the 
89 
ethylene complex whereas the present r e s u l t s and those of Mason et a l 
i n d i c a t e s i m i l a r B.E's i n the two complexes. This point w i l l be 
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returned to l a t e r . Mason's r e s u l t s i n d i c a t e no s i g n i f i c a n t d i f f e r e n c e 
i n the platinum B.E's of the (Ph^P) 2Pt(C 2X^) series while a s l i g h t l y 
lower B.E. f o r the C2F^ complex was found i n t h i s work as mentioned 
above. I t i s possible that the d i f f e r e n c e i n phosphine ligand 
(Ph2MeP i n t h i s case) may p a r t l y account f o r t h i s : Ph2MeP i s thought 
to be a b e t t e r o-donor & weaker ic-acceptor than Ph P. Complexes 
d i f f e r i n g only i n these ligands would have s l i g h t l y higher e l e c t r o n 
density of the metal, and hence, lower B.E., i n the case of the former 
ligand. However, t h i s e f f e c t i s expected to be small (see Section ( i i i ) ) . 
Also i t has been shown that at ambient temperatures ( P h ^ P ^ P ^ C ^ l ^ ) 
gives spectra due to (Ph^P^PtCl (CC1 = CC12) (see Chapter IV) while 
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Mason et a l note only that t h e i r CI 2p peak was 'very broad'. 
I t i s d i f f i c u l t to say anything about the carbon atoms of the 
complexed o l e f i n since the 36 carbon atoms of the Ph^P ligands dominate 
the Cls spectrum. From some spectra of the ethylene complex i t seemed 
tha t the low B.E. side of the Cls peak e x h i b i t e d d i s t i n c t asymmetry. 
Deconvolution on the assumption t h a t a peak due to the ethylenic 
carbons was g i v i n g r i s e to t h i s feature indicated a B.E. f o r the l a t t e r 
of ~ 283.4 eV, a s h i f t to lower B.E. of ~ 1.6 eV compared w i t h the 
45. 
f r e e ligand. This indicates charge t r a n s f e r to the o l e f i n i c carbons 
but i n view of the deconvolution u n c e r t a i n t y i t i s u n p r o f i t a b l e to 
q u a n t i f y t h i s f u r t h e r . 
X-ray c r y s t a l s t r u c t u r e determinations have been reported f o r 
90 91 a number of these complexes: ( P h 3 P ^ P t C C ^ ) , (Pt^P ) 2 P t ( C 2 ( C N ) 4 ) , 
9? 9*^  94 ( P h 3 P ) 2 P t ( C 2 C l 4 r * and also f o r ( P l ^ P ^ P t ^ and (Ph 3P) 2Pt(C 2Ph 2>. 
The Pt-P bond lengths are constant at 2.27 + 0.03 X which r e s u l t i s 
r e f l e c t e d i n the constancy of the P2p 3^ 2 B.E. found i n t h i s work. For 
the s u b s t i t u t e d o l e f i n complexes (Ph 3P) 2Pt (C,,X4) the Pt-C distances 
are 2.11 X (X = H, CN) and 2.03 X (X = CI) while the C-C distances 
are 1.43 X (X = H), 1.49 X (X = CN) and 1.62 X (X = CI) w i t h some 
uncert a i n t y attached to the l a s t r e s u l t . I t can also be i n f e r r e d from 
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studies on (Ph 3P) 2Pt(F 2C = CC12) that the Pt-C bond length i n 
( P h 3P) 2Pt(C 2F 4) might be close to those f o r the cases X = H and CN. 
The i n t e r e s t i n g feature i s the s i m i l a r i t y of the data f o r X = H, CN 
and F while the X - CI case i s s l i g h t l y anomalous, probably due to 
inaccuracies. 
The ESCA data i s i n good agreement w i t h t h i s c r y s t a l l o g r a p h i c 
data i n t h a t (a) i t reproduces the s i m i l a r i t i e s of geometry i n terms 
of s i m i l a r charge d i s t r i b u t i o n s (as r e f l e c t e d i n the B.E. data) and 
(b) the charge t r a n s f e r from metal to olefin/acetylene l i g a n d , i n f e r r e d 
from the increase i n P t 4 f ^ 2 B.E. compared w i t h (Ph 3P) 4Pt and 
t e n t a t i v e l y observed d i r e c t l y f o r C 2H 4 on co-ordination, i s i n accord 
w i t h the observed increase i n C-C bond length on co-ordination, as 
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predicted by the Dewar-Chatt-Duncanson model. 
88 Cook et a l assumed a simple model whereby platinum has a 
charge of zero i n (Ph^P^Pt and +2 i n ( P h 3 P ) 2 P t C l 2 and then used a 
l i n e a r c o r r e l a t i o n between B.E. and charge to estimate charge 
t r a n s f e r to the ligand i n (Pt^P) Pt(C H^) and (Ph 3P) 2Pt(C 2Ph 2). 
These estimates were then matched to perturbations i n ligand geometry 
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using t h e o r e t i c a l arguments developed by Walsh and B l i z z a r d and 
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Santry which r e l a t e the ligand geometry when co-ordinated to th a t 
of i t s f i r s t excited state. As pointed out above, i t now appears 
that the d i f f e r e n c e i n metal B.E. between the supposed Pt^ """ 
representative and the olefin/acetylene complexes i s not s i g n i f i c a n t 
thus casting doubt on the meaningfulness of these r e s u l t s . 
13 
Recent measurements of C-H coupling constants f o r these 
12 13 
complexes ( i . e . of the type (Pd 3P> 2Pt( CH2 = CH2) where 
5 96 
Pd = d - Ph) have been i n t e r p r e t e d as g i v i n g information on the 
s-character of the Pt-C cr-bonds and suggesting that rc-bonding i s 
i n s i g n i f i c a n t . The r e s u l t s are d i f f i c u l t to i n t e r p r e t , l a r g e l y as 
a r e s u l t of the inadequacy of the valence bond approach to bonding 
i n these complexes and associated c a l c u l a t i o n s of the carbon bond 
angles are i n reasonable agreement w i t h the measured values only i n 
one of the two cases studied. 
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The semi-empirical MO ca l c u l a t i o n s mentioned e a r l i e r also 
give an i n d i c a t i o n of the r a t i o of o"-donation to rc-back bonding. 
Electron densities on the platinum were estimated by both Lowdin and 
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M u l l i k e n population analyses. The former r e s u l t s , favoured by 
the authors, i n d i c a t e a Pt s i t u a t i o n while the l a t t e r are closer 
to Pt** and also r e f l e c t experimental trends. These r e s u l t s are 
2 
based on a planar t r i g o n a l dp h y b r i d i s a t i o n f o r Pt which neglects 
p a r t i c i p a t i o n of the 6s o r b i t a l involved i n the Dewar-Chatt-Duncanson 
2 
scheme. The dp scheme does, however, give a good t h e o r e t i c a l 
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reproduction of ligand r o t a t i o n a l processes. 
C l e a r l y there are inconsisteneies i n both these sets of r e s u l t s 
which f u r t h e r i l l u s t r a t e s the confusion which s t i l l e x i s t s . The 
conclusion to be drawn from the ESCA r e s u l t s presented here i s that 
the Pt -» n back donation process i s very s i g n i f i c a n t i n these 
complexes and that the enhancement of t h i s processes ( w i t h 
simultaneous repression of M4 TC o-donation) brought about by 
s u b s t i t u t i n g e l e c t r o n withdrawing groups i n t o the complexing o l e f i n 
(by lowering the % and TZ o r b i t a l energies) has but a minor e f f e c t . 
The s i m i l a r i t y between platinum B.Es i n the o l e f i n and acetylene 
* Lowdin o r b i t a l s are symmetrically orthogonalisedjthus each 
2 L 
e l e c t r o n occupying MO X contributes charge L . to AO 0. where L . 
" & m mi i 2 m' x 
are the Lowdin o r b i t a l c o e f f i c i e n t s i n the MOs. Summing the L . terms 
mi 
over the occupied MO's gives the Lowdin population analysis. 
M u l l i k e n o r b i t a l s are nonorthogonal; each e l e c t r o n contributes 
2 charge C . to 0. and also charge 2C .C . S.. to the d i s t r i b u t i o n 6 mi ^ i & mi mj I J 
described by 0.0. whose overlap i n t e g r a l i s S... The gross Mulliken 
population i s defined as the sum of C . terms and h a l f of a l l r mi 
overlap i n v o l v i n g the o r b i t a l i n question. See r e f . 97 f o r a more 
d e t a i l e d discussion. 
complexes, i n d i c a t i n g s i m i l a r e l e c t r o n d i s t r i b u t i o n s , confirms 
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the conclusions advanced by Greaves et a l from t h e i r work on 
o r b i t a l energy matching schemes f o r acetylene complexes. 
(e) S a t e l l i t e peaks. 
An i n t e r e s t i n g feature of the spectra obtained from these 
complexes i s the appearance of s a t e l l i t e peaks on the low K.E. 
side of the Cls peak. The i n t e n s i t i e s are r e l a t i v e l y low (~ 5%) 
and the s h i f t w i t h respect to the main peak usually ~ 6.5 eV 
(Fi g . 2.3). 
The existence of s a t e l l i t e s t r u c t u r e s , as such, i n the ESCA 
spectra of s o l i d samples has been recognised only r e l a t i v e l y r e c e n t l y 
although s i m i l a r structures ascribed to e l e c t r o n 'shake-up' 
processes have already received d e t a i l e d a t t e n t i o n f o r the noble 
^ - i I T 2,99,100 gases and some simple gaseous molecules. The process i s 
simply i l l u s t r a t e d i n Fig. 2.4. I n s o l i d s , s a t e l l i t e s of t h i s type 
have been observed on the 3s l e v e l s of a l k a l i metal and halogen 
101,102 „, 0 _ - . .... . . , 103,104,56 
ions, on the 2p le v e l s of NiO and various copper s a l t s , 
and of oxide layers formed on copper and n i c k e l , a n d on the 3p 
and 3d levels of t r a n s i t i o n metal ions."*"^ ^ Strong s a t e l l i t e s 
on the Cls and 01s peaks, and possibly on the metal peaks, have been 
observed f o r metal carbonyls and t h e i r o r i g i n s discussed"*"^ ^ as 
have Cls and Nls s a t e l l i t e s from complexes of tetracyano-p-quinodi-
112 
methane (TCNQ). 
I n these two l a t t e r cases the most reasonable explanation f o r 
the o r i g i n of the s a t e l l i t e peaks i s again an intramolecular 
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e x c i t a t i o n process e q u i v a l e n t t o 'shake-up'. For the carbonyls i t 
i s s u g g e s t e d * ^ t h a t , s i n c e s a t e l l i t e peaks observed f o r complexed 
CO are absent i n the s p e c t r a o f f r e e CO, a d d i t i o n a l valence e l e c t r o n 
r e l a x a t i o n i s p o s s i b l e f o r CO on complexation thus a l l o w i n g 
t r a n s i t i o n s t o 'shake-up' s t a t e s n o r m a l l y f o r b i d d e n i n the f r o z e n 
valence s h e l l a p p r o x i m a t i o n (Koopmans theorem). I t i s i n t e r e s t i n g 
t o f i n d , t h e r e f o r e , a s a t e l l i t e peak o f the same ord e r o f r e l a t i v e 
i n t e n s i t y f o r the Cls peak from t r i p h e n y l p h o s p h i n e i t s e l f . T h is 
s a t e l l i t e a l s o r e p r e s e n t s an energy l o s s o f ~ 6 eV ( F i g . 2.5). 
The e x i s t e n c e o f s a t e l l i t e s i n the s p e c t r a o f these compounds and the 
89 
f r e e Ph^P l i g a n d n a s a l s o been no t e d by Mason e t a l but n o t 
discussed i n d e t a i l . I n p a r t i c u l a r no d e t a i l s o f the P2p peak shape 
f o r f r e e Ph^P were g i v e n . I n t h i s work a marked broadening o f t h i s 
peak compared w i t h complexed Ph^P and a l s o a c o l o u r a t i o n e f f e c t on 
i r r a d i a t i o n ( w h i t e -• p i n k ) was observed. Because o f t h i s l a t t e r 
c o m p l i c a t i o n i t would be unwise a t t h i s stage t o s p e c u l a t e f u r t h e r on 
the o r i g i n o f these s a t e l l i t e s . These r e s u l t s i n d i c a t e , however, t h a t 
more d e t a i l e d i n v e s t i g a t i o n s i n t h i s area are necessary b e f o r e we can 
u t i l i s e f u l l y t h i s a d d i t i o n a l i n f o r m a t i o n c o n t a i n e d i n the p h o t o e l e c t r o n 
s p e c t r a . 
A f i n a l p o i n t concerns the search f o r Cls s a t e l l i t e s f r o m 
(Pl^MeP)^Pt[C^F^]. As F i g u r e 2.6 shows t h e r e i s no evidence f o r even 
a v e r y low i n t e n s i t y peak s h i f t e d — 6 eV from the main peak as found 
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i n t he o t h e r complexes and as r e p o r t e d f o r (Ph^P^2 P t'-^2 F4^" 
T h i s would seem t o be a d d i t i o n a l evidence f o r a s u g g e s t i o n t h a t the 
s a t e l l i t e s are due t o a 'shake-up' process i n v o l v i n g valence bands 
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of Ph^P. However, there i s a d i s t i n c t peak discernable at 
~ 3.5 eV lower K.E. The expected region for the carbon atoms of the 
C^F^ ligand would be about 6 eV lower K.E. than the phosphine carbon 
atoms. I t i s p o s s i b l e that t h i s peak represents the o l e f i n i c carbons 
since the t r a n s f e r of charge to them from the metal would o f f s e t 
t h i s s h i f t . Even so, i t i s necessary to invoke a 2.5 eV decrease 
i n the carbon B.E's r e l a t i v e to free C^F^ which i s s u b s t a n t i a l l y greater 
than the corresponding decrease for C^H^ (~ 1.6 eV). While t h i s may 
seem i n t u i t i v e l y reasonable i t i s somewhat incompatible with the 
f a c t noted above, namely that the P t 4 f ^ ^ binding energy i n t h i s 
complex appears s l i g h t l y lower than the other o l e f i n complexes. 
( i i ) (R^P^PtXY complexes, 
(a ) Introduction. 
Having found the B.E. d i f f e r e n c e between formally Pt° and Pt"^ 
complexes to be small - indeed, w i t h i n the oxidation s t a t e formalism, 
complexes ( R ^ P ) ^ t L (L = o l e f i n , acetylene) are b e t t e r described 
as P t ^ complexes - i t seemed i n t e r e s t i n g to explore the range of 
binding energies i n 'Pt^*' complexes. I n order to best judge the 
e f f e c t of various ligands, complexes of f i x e d stereochemistry were 
chosen: t r a n s - ( R ^ P D i f f e r e n c e s i n B.E. data may be observed 
between c i s - and trans-isomers of a given complex but t h i s i s discussed 
more f u l l y i n the following chapter. 
(b) R e s u l t s and Discussion. 
The r e s u l t s are summarised i n Table 2.2. 
In order to c o r r e c t for charging e f f e c t s the B.E. data i s 
55. 
r e f e r r e d t o the carbon atoms of the phosphine l i g a n d s a t 285.0 eV. 
I n c o n s i d e r i n g the data i n Table 2.2 i t i s i m p o r t a n t t o e s t a b l i s h 
t h a t the e f f e c t o f changing the group R i n (R^P^PtXY does not have 
a s i g n i f i c a n t e f f e c t on the B,E?s o f the m e t a l and o t h e r l i g a n d s . The 
f i r s t t h r e e complexes i n Table 2.3 i l l u s t r a t e t h a t w i t h i n 
e x p e r i m e n t a l e r r o r (+ 0.2 eV) t h e r e i s no e f f e c t on changing t he R 
group from a l k y l t o a r y l or i n s u b s t i t u t i n g a c h e l a t i n g diphosphine 
l i g a n d f o r two monodentate phosphines. I t i s e s p e c i a l l y n o t i c e a b l e 
t h a t throughout the whole range o f c i s - and trans-complexes the 
phosphorus B.E. does not v a r y s i g n i f i c a n t l y and i s the same as 
observed f o r the o l e f i n and a c e t y l e n e complexes a t 130.8 + 0 . 3 eV. 
From Table 2.2 i t can be seen t h a t the p l a t i n u m B.E. i n 
t r a n s - ( R 3 P ) 2 P t X Y i n c r e a s e s i n the o r d e r XY = Me 2 < 1^ =*H,C1 < C l 2 < (CN) 2 < 
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I n a p r e l i m i n a r y r e p o r t o f some o f these r e s u l t s i t was i n d i c a t e d 
t h a t t h e P t 4 f ^ 2 B.E. f o r t r a n s - ( M e ^ P ) ^ t l ^ was g r e a t e r than f o r 
C B u ^ P ) 2 P t C l 2 and t h i s was i n t e r p r e t e d as a c o n f i r m a t i o n o f P a r s h a l l ' s 
_ 19 213 114 orde r o f o- d o n a t i o n ( C I > I ) o b t a i n e d f r o m F n.m. r . s t u d i e s . * 
Th i s r e s u l t has been c h a l l e n g e d r e c e n t l y by R i g g s . ^ A 
r e d e t e r m i n a t i o n showed t h a t t h e f a i r l y broad Cls peak i n the o r i g i n a l 
spectrum was due t o non-coincidence o f the peak from t he complex and 
an a d d i t i o n a l peak from c o n t a m i n a t i o n on the g o l d backing. The 
seriousness o f t h i s e f f e c t , which can occur when t h e r e are few carbon 
atoms i n the sample be i n g s t u d i e d was o n l y f u l l y r e a l i s e d when a stu d y 
o f Zeise's s a l t was made (see Chapter I I I ) . I n t h i s p r e s e n t case i t 
has now been shown t h a t t h e peak maximum used f o r r e f e r e n c e purposes, 
d i d n o t i n f a c t correspond t o the methyl carbons peak. Taking the 
TABLE 2.2 
( t r a n s ) Complex 
Core B i n d i n g Energies (eV) 
P t 4 f y / 2 P 2 > 3 / 2 C 1 2 p 3 / 2 
( n B u 3 P ) 2 P t C l 2 72.3 130.7 198.1 
(Ph 3 P ) 2 P t H C l 71.9 131.0 197.3 
( M e 3 P ) 2 P t I 2 71.8 130.5 - I 3 S / 2 620.5 
( M e 3 P ) 2 P t ( C N ) 2 72.8 130.7 - Nls 398.6 
( P h 3 P ) 2 P t M e 2 71.6 130.6 -
TABLE 2.3 
( c i s ) Complex 
Core B i n d i n g Energies (eV) 
P t 4 f ? / 2 P 2 * 3 / 2 C 1 2 p 3 / 2 
( n B u 3 P ) 2 P t C l 2 72.3 130.7 197.7 
( P h 3 P ) 2 P t c i 2 72.5 130.9 197.9 
Ph 2 
P t C l 0 
- V 2 
Ph 2 
72.4 130.7 197.8 
Ph 
^ - P 
\ 
PtMe 0 
L / 2 
^ P 
p h 2 
71.5 130.5 -
o t h e r component reverses the o r d e r as shown. To check t h i s c o n c l u s i o n 
t h e spectrum o f t r a n s - ( M e ^ A s ^ P t ^ w a s r e c o r d e d u s i n g a t h i n f i l m 
( f r o m CHCl^ s o l u t i o n ) on c a r e f u l l y cleaned g o l d . The c l o s e s i m i l a r i t y 
between complexes w i t h a r s i n e and e q u i v a l e n t phosphine l i g a n d s has been 
e s t a b l i s h e d (see Chapter I V ) b u t a f u r t h e r comparison i s g i v e n here. 
TABLE 2.4 
Complex 
Core B i n d i n g Energies (Cls = 285.0 eV) 
P t 4 f ? / 2 P 2 * 3 / 2 A s 3 d 5 / 2 Nls I 3 d 5 / 2 
t r a n s - ( M e 3 P ) 2 P t ( C N ) 2 72.8 130.7 - 398.6 -
t r a n s - (Me^As) 2Pt(CN ) 2 72.7 ~ 43.0 398.4 -
t r a n s - ( M e 3 A s ) 2 P t I 2 71.8 - 42.6 - 620.7 
t r a n s - ( M e 3 P ) 2 P t I 2 71.8 130.5 - - 620.5 
The f i r s t two l i n e s o f Table 2.4 i l l u s t r a t e t h e p o i n t ; the m e t a l 
BE and the BE o f the n i t r o g e n i n the cyanide l i g a n d i s independent o f 
t h e o t h e r l i g a n d s . Thus the c o i n c i d e n c e o f p l a t i n u m and i o d i n e BE's 
i n the d i - i o d i d e s i n d i c a t e s the p r e v i o u s l y r e p o r t e d p l a t i n u m BE i n 
t r a n s - ( M e 3 P ) 2 P t I 2 t o be i n c o r r e c t , t he above v a l u e b e i n g much more 
c o n s i s t e n t . 
From t h e data i n Table 2.4 i t i s apparent t h a t the A s 3 d ^ 2 BE 
and, though w i t h lower s i g n i f i c a n c e , the p 2 p 3 ^ 2 BE i s lower f o r the 
cyanide complexes than f o r the i o d i d e s . The e l e c t r o n w i t h d r a w i n g 
demand o f the CN~ l i g a n d on the m e t a l i s such t h a t some e l e c t r o n 
d e n s i t y i s a l s o removed from t h e a r s i n e / p h o s p h i n e l i g a n d s compared 
w i t h the i o d i d e s . The f a c t t h a t t h i s e f f e c t i s most marked f o r the 
a r s i n e ligand presumably r e f l e c t s i t s higher p o l a r i s a b i l i t y . 
The order of BE's for platinum i n t h i s s e r i e s of trans complexes 
f i t s i n with the most i n t u i t i v e l y l i k e l y order - where the BE of the 
metal in c r e a s e s with i n c r e a s i n g e l e c t r o n e g a t i v i t y of X and Y. These 
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r e s u l t s are i n very good agreement with r e c e n t l y published data on 
a s e r i e s of complexes ( E t ^ P ^ P t X Y i n which a l i n e a r c o r r e l a t i o n was 
found between platinum BE's and the sum of the ' e f f e c t i v e ' e l e c t r o -
n e g a t i v i t i e s of X and Y ( c a l c u l a t e d for polyatomic groups by taking 
the a r i t h m e t i c average of i n d i v i d u a l Pauling atomic e l e c t r o n e g a t i v i t e s ) . 
The low BE of platinum i n t r a n s - ( P h ^ P ^ P t M ^ *-s reproduced i n the 
chelate complex (j?h.^S(,C)^^)^2Vh.^)?tH[e^y of n e c e s s i t y with c i s 
configuration, shown i n Table 2.3. This i s the lowest BE observed for 
a P t ^ complex and i l l u s t r a t e s the strong a-donor properties of the 
CH^ ligand. Replacement of the CH^ group by any other ligand (X) 
i n c r e a s e s the metal BE by e i t h e r a-withdrawing ( e l e c t r o n e g a t i v i t y ) 
e f f e c t s (e.g. X = halogen) or through rrbackbonding e f f e c t s (e.g. X = 
o l e f i n and, p o s s i b l y , CN). The range of BE's observed for Pt^"* 
complexes i s thus about 1.3 eV. 
CHAPTER I I I 
ESCA STUDIES OF SQUARE-PLANAR PLATINUM COMPLEXES ( I I ) 
CORRELATIONS WITH N.Q.R. STUDIES. 
( i ) N.q.r. C o r r e l a t i o n s 
I n t r o d u c t i o n . 
The search f o r o l e f i n c o n t a i n i n g p l a t i n u m complexes, f o r reasons 
discussed i n the p r e v i o u s c h a p t e r , l e d t o the study o f the d i n u c l e a r 
complex (C L ) Pt CL which has the s t r u c t u r e : 
CH 
CI S / X X 
r Pt. .Pt X 
CI 
CH 
Because o f problems i n o b t a i n i n g a good t h i n coverage on g o l d i t 
proved d i f f i c u l t t o g a i n d i f i n i t i v e i n f o r m a t i o n on the carbon BE's. 
However, the i n t e r e s t i n g f e a t u r e which d i d emerge was the i n e q u i v a l e n c e 
o f t h e b r i d g i n g and t e r m i n a l c h l o r i n e s . 
I I 
I n square-planar p l a t i n u m c h l o r i d e s , some examples of which have 
al r e a d y been discussed above, the C l ( 2 p ) core l e v e l s appear as s p i n - o r b i t 
s p l i t ( l . 7 e V ) d o u b l e t s i n the r a t i o ^U2'^2l2 ~ ^'^ t* i e s m a H e r ^1/2 
peak bei n g seen as a f a i r l y w e l l r e s o l v e d shoulder on the low KE ( h i g h BE) 
s i d e o f the t o t a l peak. I n the C12p spectrum from t h i s complex, however, 
no such shoulder can be seen and the peak i s c o n s i d e r a b l y broadened. I n 
f a c t t h i s peak can be s a t i s f a c t o r i l y deconvoluted i n t o two normal C12p 
do u b l e t s w i t h a s e p a r a t i o n o f 1.1 eV ( F i g . 3.1). The problem which now 
a r i s e s i s the assignment o f the two c h l o r i n e BE's. A q u a l i t a t i v e c o r r e l a t i o n 
between C l ( 2 p ) BE and "^*C1 n.q.r. f r e q u e n c i e s (^"*v) i s t o be expected^"^ 
116 117 35 and from the n.q.r. data ' on t h i s complex ( v = 24.12 ( t e r m i n a l ) , 
15.95 ( b r i d g i n g ) MHz) the h i g h e r BE CI 2p peak can be t e n t a t i v e l y 
assigned t o the t e r m i n a l c h l o r i n e . I t i s o f i n t e r e s t , t h e r e f o r e , t o 
o 
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examine t h i s c o r r e l a t i o n more c l o s e l y . 
3 5 r l - , , . 116,118 _ CI n.q.r. f r e q u e n c i e s have r e c e n t l y been r e p o r t e d , f o r a 
number o f complexes o f the type L 2MC1 2 (M = Ni ,Pd and Pt ) and f o r 
v a r i o u s d i m e r i c P t * * complexes w i t h c h l o r i n e i n t e r m i n a l and b r i d g i n g 
s i t u a t i o n s . ESCA data has been o b t a i n e d on many o f these complexes, i n 
most cases u s i n g the same samples. 
E x p e r i m e n t a l . 
The procedures used were s i m i l a r t o those d e s c r i b e d i n Chapter I I , 
Samples were s t u d i e d as t h i n f i l m s on a g o l d backing when s o l u b i l i t i e s i n 
s u i t a b l e s o l v e n t s (CHC^, CH 2C1 2) were s a t i s f a c t o r y and/or as powders 
pressed onto scotch tape. R e l a t i v e B.E's o b t a i n e d i n e i t h e r case were 
always w i t h i n the e s t i m a t e d e x p e r i m e n t a l e r r o r ( + 0.2 eV) but sample 
ch a r g i n g had c o n s i d e r a b l e and v a r i a b l e e f f e c t on the 'absolute' BE's. Thus, 
as b e f o r e , a t t e n t i o n i s c o n f i n e d t o those complexes which can be d i r e c t l y 
compared through use o f a n ' i n t e r n a l r e f e r e n c e l e v e l ' - again the Cls l e v e l 
from a l k y l or a r y l groups on p o l y a t o m i c l i g a n d s (e.g. R 2S, R«jP)» taken t o 
be 285.0 eV. 
R e s u l t s and D i s c u s s i o n . 
Table 3.1 g i v e s the BE's o f the v a r i o u s core l e v e l s measured f o r these 
complexes. Al t h o u g h i t i s the c h l o r i n e BE's which are t o be e x p r e s s l y 
considered h e r e , some b r i e f comments can be made kon the o t h e r BE data. 
I n c o n t r a s t t o the s e r i e s (R^P^PtXY, considered i n the p r e v i o u s c h a p t e r , 
i n which the e f f e c t o f changing X and Y on the metal e l e c t r o n d e n s i t y was 
observed, the s e r i e s L 2 P t C l 2 c o n t a i n e d i n Table 3.1 i l l u s t r a t e s t he c i s 
and t r a n s i n f l u e n c e o f groups L on metal and c h l o r i n e BE's. I t would appear 
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that the C l ligands dominate the s i t u a t i o n and that the c e n t r a l platinum 
atom mostly a c t s as an agent for e l e c t r o n t r a n s f e r from L to C l , i t s BE 
varying only s l i g h t l y with L (the value for c i s - ( E t 2 S ) 2 P t C l 2 seems 
anomalously h i g h ) . Thus the el e c t r o n density around platinum i s l i t t l e 
d i f f e r e n t a l s o for the dinuclear species p - ^ P r ^ P ^ E ^ C l ^ . As might be 
expected from the d i s c u s s i o n i n Section ( i i i ) of Chapter I I changing the 
bridging group from - C l - to -SCN- i n the l a t t e r complex s i g n i f i c a n t l y 
i n c r e a s e s the platinum BE due to the greater e l e c t r o n e g a t i v i t y of the SCN 
ligand. 
Table 3.2. c o l l e c t s the Cll-p^j^ BE data for these same complexes 
and t h e i r associated C l n.q.r. frequencies ( v ) . I t i s convenient 
at t h i s point to consider t h e o r e t i c a l l y the r e l a t i o n s h i p between binding 
energies and n.q.r. frequencies. 
I n the e l e c t r o s t a t i c p o t e n t i a l model developed by Siegbahn and 
2 
co-workers, s h i f t s i n core BE's may be r e l a t e d to the charge d i s t r i b u t i o n 
by the equation 
E 1 = E * + k, + I J - (1) 
where i s a reference l e v e l and the second term represents the p o t e n t i a l 
from the charge at the atom considered. The t h i r d term i s an intramolecular 
'Madelung' type p o t e n t i a l and accounts for the p o t e n t i a l from charges i n 
the r e s t of the molecule. I n general the s h i f t i n BE of a given core 
l e v e l (e.g. C l 2 p ^ 2 considered here) i s dominated by the charge on the at< 
concerned, the p o t e n t i a l from other atoms being much smaller and opposite 
i n sign. I n the c l o s e l y r e l a t e d s e r i e s of molecules described here, 
therefore, the s h i f t s i n a given core l e v e l w i l l i n some measure r e f l e c t 
d i f f e r e n c e s i n charge d i s t r i b u t i o n . 
:om 
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TABLE 3.1 
Complexes 
Core B i n d i n g Energies (eV) 
P t 4 f 7 / 2 C l 2 P 3 / 2 P 2 p 3 / 2 S 2 p 3 / 2 Nls 
M n P r 3 P ) 2 P t 2 C l 4 72.1 198.5 130.6 - -
197.3 
p - ( n P r 3 P ) 2 P t 2 ( S C N ) 2 C l 2 72.9 198.3 130.9 162.9 399.9 
c i s - ( n B u 3 P ) 2 P t C l 2 72.3 197.7 130.7 - -
t r a n s - ( n B u 3 P ) 2 P t C l 2 72.3 198.1 130.7 - -
c i s - ( E t 2 S ) 2 P t C l 2 72.7 197.9 - 164.3 -
t r a n s - ( E t 2 S ) 2 P t C l 2 72.3 198.1 - 164.4 -
( d i p y ) P t C l 2 72.2 197.8 - - 400.6 
c i s - ( P h 3 P ) 2 P t C l 2 72.5 197.9 130.9 - -
t r a n s - p y 2 P t C l 2 72.1 197.9 - 401.1 
t r a n s - ( P h 3 P ) 2 P t H C l 71.9 197.3 131.0 — -
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TABLE 3.2 
Complex 3 5 v a C12p 3^ 2B.E. b 
M n P r 3 P ) 2 P t 2 C l 4 22.36 198.5 
15.46 197.3 
M n P r 3 P ) 2 P t 2 ( S C N ) 2 C l 2 21.50 198.3 
c i s - ( n B u 3 P ) 2 P t C l 2 17.84 197.7 
t r a n s - ( n B u 3 P ) 2 P t C l 2 21.0 198.1 
c i s - ( E t 2 S ) 2 P t C l 2 19.2 197.9 
t r a n s - ( E t 2 S ) 2 P t C l 2 20.3 198.1 
( d i p y ) P t C l 2 18.98 197.8 
c i s - ( P h 3 P ) 2 P t C l 2 19.8 197.9 
t r a n s - p y 2 P t C l 2 19.62 197.9 
t r a n s - ( P h 3 P ) 2 P t H C l - 197.3 
trans-(PhMe 2P) 2PtHCl 14.43 -
a Data taken from r e f e r e n c e s 116 — 118 unless o t h e r w i s e s t a t e d , 
b Estimated accurate t o + 0.2 eV. 
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The Townes-Daily approximation ' leads t o an expression 
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f o r the Gl n.q.r. frequency of the form 
3 5 v = [(l - S ) c r - £ic ]e 2Qq A t/2h ( 2 ) 
where chlorine employs a 3p o r b i t a l i n a a bond of covalent character cr 
z 
and i t s 3 p x and 3p^ o r b i t a l s i n jt bonds of covalent character jr. S i s 
the degree of h y b r i d i s a t i o n of the 3s wi t h the 3p o r b i t a l and 
z 
2 
e Q*3 t^/n *-s t n e quadrupole coupling constant f o r the free chlorine atom. 
Assuming that c h l o r i n e h y b r i d i s a t i o n changes f o r closely r e l a t e d 
complexes can be neglected (reference 116 and references t h e r e i n ) ( i . e . 
A(1-S)=0) and p a r t i c i p a t i o n by chlorine i n jt-bonding i s not s i g n i f i c a n t 
( i . e . J T - 0 ) then (2) reduces t o : 
3 5 v = co" (3) 
where c i s a constant. Thus, decreasing population of the 3p o r b i t a l on 
z 
c h l o r i n e (decreasing negative charge; increasing a) gives increasing n.q.r. 
frequencies and, from equation (1) increasing BE's. I n t h i s series of 
35 
complexes, t h e r e f o r e , a r e l a t i o n s h i p might be expected between v and 
C l 0 BE. Figure 3.2. shows a p l o t of n.q.r. frequency against BE. 
2 p3/2 
35 
The a n t i c i p a t e d increase of v w i t h increase i n C l 2 p ^ ^ B^ 
i s c l e a r l y shown even though the change i n BE i s <1.5 eV. Bearing i n 
mind the many s i m p l i f i c a t i o n s introduced i n the above theory, the 
2 
c o r r e l a t i o n i s s u r p r i s i n g l y good (R = 0.96). 
The two n.q.r. frequencies observed f o r t r a n s - ( n P r ^ ^ ^ ^ ^ 
at the extremes of the curve. I t i s reasonable t o assign the higher 
frequency to the terminal Cl since t h i s i s i n the same region as the 
other terminal chlorines i n a dinuclear species. Also Fryer's c o r r e l a t i o n 
35 
between v and Pt-Cl bond length suggests that the higher frequency 
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s i g n a l corresponds to the terminal CI. This means that the b r i d g i n g 
chlorines have the lower BE (higher negative charge) which implies that 
attachment to two Pt centres increases the e l e c t r o n d r i f t towards c h l o r i n e . 
Two recent s t u d i e s " ^ ' ^ have come to the opposite general conclusion 
regarding the r e l a t i v e e l e c t r o n d e n s i t i e s at terminal and b r i d g i n g halogens 
The f i r s t ^ found the bromine BE i n VdRr^ (assumed^ polymeric w i t h a l l 
b r i d g i n g bromines) to be 0.5 eV higher than i n (Ph^P^PdB^ ( t e r m i n a l 
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bromine) w h i l s t the second found the c h l o r i n e BEin P t C l 2 (again polymeric 
br i d g i n g chlorines o n l y ) to be higher than i n K^PtCl^ or K^PtCl^. These 
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comparisons may not be s t r i c t l y v a l i d , however, since n.q.r. data shows 
that the bridge frequencies i n polymeric cc-PdCl^ and {3-PtCl 2 are 6-8 MH^  
higher than those i n dimeric complexes, the l a t t e r g i v i n g lower values of 
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v than terminal chlorines as described above. 
The above r e s u l t s i n d i c a t e that w i t h i n t h i s c losely r e l a t e d series of 
complexes, the c h l o r i n e BE gives a good i n d i c a t i o n of the e f f e c t of changes 
i n o v e r a l l e l e c t r o n density on the Pt-Cl bond (as p a r a l l e l e d i n a more 
sen s i t i v e fashion by n.q.r. s t u d i e s ) . The advantage of ESCA i s that i t 
gives i n f o r m a t i o n , i n p r i n c i p l e , on a l l other atoms i n the molecule. 
Before leaving t h i s c o r r e l a t i o n i t i s worth r e t u r n i n g to the propene 
complex mentioned at the beginning of t h i s chapter. From the n.q.r. data 
and using the c o r r e l a t i o n i n Fig. 3.2 the predicted C^p^^BE's i n t h i s 
complex would be 197.4 eVfor the b r i d g i n g chlorines and 198.6 eV f o r the 
terminal chlorines - a r e l a t i v e s h i f t of 1.2 eV which i s i n excellent 
agreement w i t h the observed separation of 1.1 eV(Fig. 3.1). Referring 
the experimentally observed Cl2p^2 B E ' S t o these predicted values and 
c o r r e c t i n g the P t 4 f ^ 2 B E accordingly gives the predicted P t 4 f ^ 2 BE to be 
72.3 (+ 0.3)eV. This i s not s i g n i f i c a n t l y d i f f e r e n t from the value f o r 
( n P t 3 P ) 2 P t 2 C l ^ (Table 3.1) i n d i c a t i n g that the e l e c t r o n d i s t r i b u t i o n i n the 
P t - o l e f i n bond might not be very d i f f e r e n t from t h a t i n the Pt-phosphine 
bond. 
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( i i ) Zeise's s a l t and r e l a t e d complexes. 
I n t r o d u c t i o n . 
The s t r u c t u r e o f , and e l e c t r o n i c d i s t r i b u t i o n i n , Zeise's s a l t 
have been debated f o r many years. Apart from i t s h i s t o r i c a l s i g n i f -
icance, t h i s complex i s important because i t demonstrates the high 
t r a n s - e f f e c t of the ethylene ligand. The k i n e t i c t r a n s - e f f e c t i n a 
large number of complexes can be correlated w i t h the trans-influence 
which ligands exert i n the ground state. I t can reasonably be 
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argued that a Syrkin-type d e s c r i p t i o n of the trans-influence i n 
terms of o-donation and r e h y b r i d i s a t i o n of metal o r b i t a l s adequately 
accounts f o r the mass of data avai l a b l e f o r these complexes, even 
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when ligands capable of it-bonding (e.g. phosphines) are involved. I n 
general the l a b i l i s a t i o n of the trans ligand i s a r e s u l t of bond 
weakening i n the ground s t a t e . This i s n i c e l y shown by the n.q.r. 
work noted above and i s supported by the above r e s u l t s . 
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Ethylene does not appear to cause weakening of the Pt-R bond 
i n trans-PtCl2(Me2NH)(C2tt^) but i t s t r a n s - e f f e c t i s high. Thus previous 
attempts have been made to observe a ground state e f f e c t i n Zeise's s a l t 
K[PtCl^(C2H^)].I^O - as evidenced by some dif f e r e n c e i n the c i s and 
trans Pt-Cl bonds. U n t i l recently X-ray c r y s t a l s t r u c t u r e data were 
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inconclusive but i t has now been shown that the previously assumed 
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space group was i n c o r r e c t . The redetermined s t r u c t u r e gives the 
ave rage length of the c i s Pt-Cl bonds to be 2.305(7)X which i s equal 
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to the Pt-Cl bond length i n t ^ P t C l ^ . The trans Pt-Cl bond length 
i s 2.327(5)$, i . e . longer by ^ 4 o . This could be i n d i c a t i v e of 
trans weakening but the trans Cl i n t e r a c t s w i t h four K + ions ( a l b e i t 
w i t h one only weakly) while the c i s Cl's i n t e r a c t w i t h one K ion and 
one H^ O molecule. The di f f e r e n c e i n environment of the trans Cl may 
69 
account f o r some of t h i s lengthening r e l a t i v e to the other two Pt-Cl 
bonds. 
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The n.q.r. spectrum of Zeis's s a l t has been reported 1 ' 
to consist of three main signals at about 20.4, 20.2 and 16.0 MHz (depending 
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on temperature). The t e n t a t i v e conclusion that these represent the c i s 
(^20 MHz) and trans (16 MHz) chlorines respectively i s strengthened by 
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recent data from r e l a t e d complexes with s u b s t i t u t e d o l e f i n s a l l of which 
e x h i b i t signals i n these two regions. L a t t i c e e f f e c t s (which cause the 
two signals a t ~ 2 0 MHz) are not usually greater than 0.5 MHz. Since these 
two types of signal d i f f e r by~4 MHz i t i s not unreasonable, on the basis 
of the above c o r r e l a t i o n , to expect a difference i n the BE's of the c i s and 
trans chlorines ( o f ~ 0 . 6 eV), i f the n.q.r. data i s r e f l e c t i n g a d i f f e r e n c e 
i n e l e c t r o n population on the chlorines. 
The complexes M +[LPtCl 3~] (M + « K +,Pr 4N +; L = C 2 H 4 > C 3 H 6 ' M e 3 p > M^As) 
+ 2- + + + and [M J ^ l P t C l ^ ] (M = K , Me^ N ) have been investigated by ESCA to check 
t h i s and also to obtain a p i c t u r e of the o v e r a l l electron d i s t r i b u t i o n s . 
Results and Discussion 
A l l the samples were studied as powders on Scotch tape. The BE 
data are shown i n Table 3.3. I n examining these data a number of important 
points should be borne i n mind. As discussed above charging e f f e c t s 
demand caution i n making comparisons between d i f f e r e n t complexes, especially 
since i t has been found that sample charging can be more severe f o r i o n i c 
s o l i d s than f o r molecular ones. Thus each t r i p l e t of complexes i s 
i n t e r n a l l y referenced e i t h e r to the * e v e l o r t o t n e N ^ s l e v e l , 
from the respective c a t i o n , since i t i s assumed ( w i t h some experimental 
j u s t i f i c a t i o n , see below) that these w i l l not be g r e a t l y affected by the 
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TABLE 3.3 
Binding Energies 
K 2 p 3 / 2 P t 4 f 7 / 2 C12p 3 / 2 
K 2 P t C l 4 294.8 a 73.9 200.3 b 
K[(C 2H 4) P t C l 3 ] 294.8 74.5 200.4(2) 200.1(1)° 
K[(C 3H 6) Pt C l 3 ] 294.8 74.3 200.4(2) 199.6(1) C 
Nls P t 4 f ? / 2 C l 2 p 3 / 2 
[Me 4N]PtCl 4 4 0 4 . l a 73.5 199.5 
[Pr 4N][Me 3PPtCl 33 404.1 73.7 199.8(2) 199.3(1)° 
[Pr 4N][Me 3AsPtCl 3] 404.1 73.7 199.72(2)199.3(1)° 
a Relative BE's from a mixture of K 2 P t C l 4 and (Me 4N) 2PtCl 4, see discussion, 
b Estimated errors between samples +0.2 eV-
Estimated e r r o r s w i t h i n c h l o r i n e l e v e l s for a single complex + 0 . 1 eV. 
c Deconvolutions were made using a Dupont 310 curve resolver. Figures i n 
parentheses r e f e r to r e l a t i v e r a t i o s . 
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r e l a t i v e l y small changes i n the s t r u c t u r e of the anion. I n an attempt 
to reference both sets of complexes to the same BE scale an i n t i m a t e l y 
ground mixture of K^PtCl^ and (Me^N^PtCl^ was studied so as to d i r e c t l y 
r e l a t e the K2p and Nls l e v e l s . The r e s u l t s of t h i s experiment are 
worthy of extra comment.. 
The c h l o r i n e 2p peak was broad and not resolved i n t o the component 
^1/2*3/2 P e a^ s ^ n c c m t r a s t to the peaks from each complex i n v e s t i g a t e d 
s i n g l y ) and the ^ ^5/2'7/2 ^ o u ^ ^ e t w a s l i k e w i s e s i g n i f i c a n t l y broadened. 
By r e l a t i n g the i n t e g r a t e d peak areas from spectra of the mixture and the 
i n d i v i d u a l components i t was possible to show that the surface was 
st o i c h i o m e t r i c ( i . e . composed of an in t i m a t e mixture of m i c r o c r y s t a l l i t e s 
of the two components) and to obtain the f r a c t i o n of PtCl^ ions present 
from each s a l t ( f ^ and f 2 ) . Using linewidths and separations from the 
K^PtCl^ spectra the broad P t ( 4 f ) and Cl(2p) spectra obtained from the 
mixture could be deconvoluted. The area r a t i o s obtained were i n very good 
agreement w i t h f ^ and f ^ while the s h i f t s i n d i c a t e d the Pt and Cl binding 
energies i n K^PtCl^ to be higher than i n (Me^N^PtCl^ by 0.7 and 0.9 eV 
re s p e c t i v e l y . The i n t e r n a l check of c a l c u l a t i n g the P t ( 4 f ) and Cl(2p) 
BE's of each component i n the mixture from a knowledge of the r e l a t i v e BE's 
of the reference Nls and K(2p) l e v e l s (of the cations) i n the mixture and 
separately led to the same conclusion. A possible explanation of t h i s 
e f f e c t i s t h a t the Madelung c o r r e c t i o n i n equation ( 1 ) , which i n i o n i c 
c r y s t a l s should be summed over the e n t i r e l a t t i c e , d i f f e r s s i g n i f i c a n t l y 
f o r the two c r y s t a l l a t t i c e s and thus has increased importance. 
Any d i f f e r e n c e i n the BE's of the c i s and trans chlorines i n [LPtCl^ ] 
w i l l be manifested as a change i n the l i n e shape of the d2P]y2'3/2 
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s p i n - o r b i t a l s p l i t doublet due to overlap of the two sets of peaks, 
as found f o r the dinuclear complexes w i t h terminal and bridged 
chlorines. Differences i n BE are expected to be less than i n these 
cases, however, so i t i s important that the l i n e shape f o r a single 
c h l o r i n e be w e l l characterised. Since a l l the samples were h i g h l y 
pure and c r y s t a l l i n e we do not consider l i n e broadening e f f e c t s due to 
sample inhomogeneity to make any c o n t r i b u t i o n . Figure 3.3 shows the 
deconvoluted ^^i/2y3/2 ^ o u^^- e ( a r e a r a t i o n 1:2) from K^PtCl^ (powder 
sample) i n which a l l chlorines are equivalent; the separation i s 
1.65 (± 0.05)eV. As a check the same peaks were used to f i t the 
C12p^2>3/2 doublet f r o m c i s (nBu^P)2ptCl2 studied as a very t h i n f i l m 
on gold (under these conditions sample charging and inhomogeneity are 
minimised). No change i n peak widths or separation was required to 
give an exact 1:2 match. This l i n e shape i s , t h e r e f o r e , taken as 
standard f o r a single c h l o r i n e . 
A l l the fLPtCl^"] complexes studied gave C12p spectra which could 
not be f i t t e d by a single doublet of standard l i n e shape. The 
deconvoluted procedure adopted was to take two sets of standard doublets 
and f i t these to the experimental peak shape. Only one f i t i n every 
case gave standard 2pjy 2*3/2 s e P a r a t i ° n s *-n each doublet (1.7 eV) and a 
consistent separation of the two 2 p ^ ^ a n c* ^2/2 P e a^ s w n ^ l e a t t n e 
same time s a t i s f y i n g the c r i t e r i a of correct area r a t i o s (1:2 i n each 
doublet; o v e r a l l 2:1 doublets f o r the two types). The consistent r e s u l t 
f o r a l l four complexes indicates t h a t the single c h l o r i n e has a lower BE 
than the other two ch l o r i n e s . Two examples of the deconvoluted C12p 
peak are shown i n Figure 3.3. 
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*».s indicated above a comparison cannot be meaningfully made 
between the absolute values of the data i n the two halves of Table 3.3. 
However, the f o l l o w i n g points a r i s e from a consideration of r e l a t i v e 
s h i f t s where d i r e c t comparisons can be safely made: 
( i ) The e f f e c t of replacing one CI ligand i n [ p t C l ^ ] by a n e u t r a l 
ligand L to give [LptCl^ ] i s to s p l i t the remaining chlorine ligands 
i n t o two d i f f e r i n g types i n the r a t i o 2:1 and these can, therefore, be 
assigned to the c i s and trans positions r e s p e c t i v e l y . Hence ESCA 
detects a ground s t a t e influence of L on the remaining ligands. 
2-
( i i ) There i s evidence t h a t r e l a t i v e to PtCl^ the BE of the c i s 
chlorines i s raised (decrease i n negative charge) and that of the trans 
c h l o r i n e i s lowered. This i s i n agreement w i t h other ground state 
phenomena which r e l a t e to the t r a n s - e f f e c t : increase i n Pt~Cl bond 
length i s accompanied by electron d r i f t to c h l o r i n e . T h e c o r r e l a t i o n 
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of c h l o r i n e BE w i t h v i s again apparent since the single n.q.r. signal from K^PtCl^ i s at 17.93 MHz while the two types of signal i n 
K [ ( o l e f i n ) P t C l 3 l are i n the region of 16 and 20 MHz re s p e c t i v e l y . 
I n t e r e s t i n g l y , these changes i n el e c t r o n density at chl o r i n e are accompanied 
by a s l i g h t increase i n BE of the ce n t r a l platinum which can only i n d i c a t e 
some degree of Pt — f L back donation. S i g n i f i c a n t l y t h i s e f f e c t i s more 
noticeable when L = o l e f i n and i s greatest of a l l f o r ethylene. 
I n connection w i t h t h i s l a s t point i t i s of obvious i n t e r e s t to gain 
some a d d i t i o n a l information on the el e c t r o n d i s t r i b u t i o n i n the P t - o l e f i n 
bond. The main c o n t r i b u t o r to the Cis peak i n the spectrum of Zeise's 
s a l t i s the scotch tape backing (or possibly surface hydrocarbon) but a 
d e f i n i t e shoulder can be c o n f i d e n t l y assigned to the ethylenic carbons on 
the basis of i t s area r a t i o n r e l a t i v e t o the ch l o r i n e peak. The BE of 
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these carbons i s ~ 283.4 eV which compares w i t h an expected value of 
~ 284.9 eV f o r the free ligand. These figures reveal a considerable 
ele c t r o n t r a n s f e r from metal to o l e f i n , which r e s u l t i s understandable 
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i n terms of the Dewar-Chatt-Duncanson model where the dominating 
feature i s back donation from f i l l e d Pt d o r b i t a l s i n t o J T * anti-bonding 
o r b i t a l s of the o l e f i n . The 0.6 eV increase i n Pt4f binding energy 
2-
i n going from [PtCl^] to [ P t C l ^ C ^ ) ] i s confirmatory information. 
The o l e f i n i c carbon BE i s s i m i l a r to that obtained previously f o r the 
n e u t r a l complex (Ph 3 P ) 2 P t ( C 2 H 4 ) . The extra methyl carbons i n KfPtCl^-
(C^H^)] are an a d d i t i o n a l c o n t r i b u t i o n to the Cis peak from t h i s 
complex and consequently no shoulder due to o l e f i n i c carbons i s apparent 
although the breadth of the peak indicates t h a t a q u a l i t a t i v e l y s i m i l a r 
s i t u a t i o n holds as f o r Zeise's s a l t . 
I n summary the c i s and trans chlorines i n [LPtCl^] have d i f f e r e n t 
e l e c t r o n i c environments, the trans chlorine having the higher negative 
charge. Both c i s and trans e f f e c t s of L are discernable and the 
c o r r e l a t i o n s w i t h n.q.r. data i n d i c a t e that these most probably ar i s e through 
o bonding mechanisms. Back bonding to the p o t e n t i a l Jt-acceptors appears 
to occur, e s p e c i a l l y f o r o l e f i n i c ligands. These conclusions are i n 
general agreement wi t h those a r r i v e d at from semi-empirical LCAO-MO 
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c a l c u l a t i o n s on Zeise' s a l t i t s e l f . 
I n view of the f a c t , noted i n Section ( i ) , that a c o r r e l a t i o n 
between n.q.r. frequencies and BE's f o r ch l o r i n e i s dependant on the 
species having very s i m i l a r structures and geometries, i t i s i n t e r e s t i n g 
to compare the above r e s u l t s f o r square planar complexes wi t h s i m i l a r 
r e s u l t s f o r the octahedral case. 
76 
The ESCA spectra of K^PtCl^ were obtained f o r the powder pressed 
onto scotch tape. The spectra of K^PtCl^ and KlPtCl^•C^H^] described 
above had been obtained i n s i m i l a r fashion and the Cis peak from the 
backing tape (or adsorbed hydrocarbon) was seen to remain at constant 
separation (8.3eV) from the K2p^^ peak. This c o n s t i t u t e d the 
j u s t i f i c a t i o n f o r referencing a l l l e v e l s i n these and analogous complexes 
to the K2p^2 l e v e l . Since the same separation of Cis (backing) and 
K 2 p 3 ^ peaks were observed i n the spectra of K^PtCl^ i t may be assumed 
that the K2p^^ EE i s the same i n t h i s complex also. The observed 
BE's corrected f o r charging e f f e c t s , are shown i n Table 3.4. 
TABLE 3.4 
Core Binding Energies (eV) 
K 2 p 3 / 2 P t 4 f ? / 2 C12»3/2 
35 
V 
K 2 P t C l 4 294.8 73.9 200.3 17.95 a 
K 2 P t C l 6 294.8 76.1 200 a 25.81 b 
25.91 ° 
a r e f 116, recorded at 0 C. 
b r e f 130, recorded at 23.5°C. 
c r e f 130/ recorded at -75°C. 
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Clea r l y , as a n t i c i p a t e d , the above Cl2p^y2 &» E/ v c o r r e l a t i o n has badly 
broken down because the n.q.r. sign a l f o r K PtCl. i s ~ 8 MH_ higher than 
f o r K^PtCl^ w h i l s t the c h l o r i n e BE's are s i m i l a r , i f not s l i g h t l y lower 
f o r the former complex. 
The 2.2 eV increase i n BE of the c e n t r a l platinum atom i n going 
I I IV 
from the Pt to the Pt complex i s i n t u i t i v e l y reasonable and i s i n 
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good agreement w i t h values (2.4 eV) r e c e n t l y reported i n the l i t e r a t u r e . 
The range of BE's f o r platinum from the r e s u l t s of t h i s and the 
previous chapter i s thus from 71.4 eV (Pt°, metal) to 76.1 eV ( P t I V C l 
i . e . ~1.2 eV per u n i t charge i n formal o x i d a t i o n s t a t e . The same 
conclusion has been a r r i v e d at i n the most recent publ i c a t i o n s i n t h i s 
i . 59,61,62. f i e l d . * ' 
CHAPTER IV 
STUDIES OF THE SURFACE ISOMERISATION OF (PhjP^PtC^Cl,, 1 AND 
RELATED COMPLEXES 
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( i ) The Surface Isomerisation of (Ph^P^Pt [C^Cl^J 
I n t r o d u c t i o n 
The complex (Ph^P^Pt(C 2C1^) was o r i g i n a l l y studied by ESCA as a 
member of the series (Ph 0P) 0Pt(C 0X.) (X = H.Cl.F.CN) as discussed i n 
3 2 2 4 
Chapter I I . The spectra obtained were of unexpected complexity, the 
most s t r i k i n g feature being the breadth of the CI 2p peak which was 
expected to show the ^1^/2'^^3/2 r e s o l u t : * - o n c h a r a c t e r i s t i c of chlorines 
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i n a s i n g l e environment. I t i s known from X-ray d i f f r a c t i o n work 
th a t t h i s complex i s somewhat unstable under X - i r r a d i a t i o n and also, 
132 132 
from purely chemical observations, * that the complex i s 
susceptible to isomerisation to the a- v i n y l d e r i v a t i v e (Ph^P^PtCl(CC1= 
CCl^). I t seemed of special i n t e r e s t , therefore, to study the behaviour 
of t h i s complex under the conditions of the ESCA experiment i n more 
d e t a i l . 
Experimental 
A number of d i f f e r e n t sample preparation procedures were used i n 
t h i s work and i t i s convenient to describe these as appropriate. Both 
Mg Ko/-. 9 and Al Ko/_ 9 e x c i t i n g r a d i a t i o n s were used; equivalent peaks 1 j i J 
are about 0.2 eV broader i n the l a t t e r case, i t being made clear below 
which X-ray source was used f o r p a r t i c u l a r experiments. 
Results and Discussion 
Preliminary runs on t h i s complex were performed using the powder 
pressed onto scotch tape and also i n the form of a t h i n layer 
deposited onto a cleaned gold backing from s o l u t i o n i n CH^Cl^ 
(spectrosol grade). I n both cases the ch l o r i n e 2^^3/2 P e a^ w a s very 
broad and unresolved although the peak shapes d i f f e r e d somewhat. The 
Pt kt^i^ ^12 doublet from the powder sample also seemed less w e l l 
resolved than i n the case of the spectrum from the t h i n f i l m sample. 
A number of runs i n d i c a t e d the r e p r o d u c i b i l i t y of these e f f e c t s . For 
comparison purposes the ESCA spectra of the isomeric complex 
(Ph 3P) 2Pt(Cl(CCl=CCl 2) were taken, also i n the form of a t h i n f i l m on 
gold from CI^C^ s o l u t i o n . The s i m i l a r i t y of the Cl 2p spectra was 
immediately apparent. 
Fig.4.1 shows the spectra obtained from pure (Ph^P^PtCKCCl^CCl^ 
as described. The Pt kt^j^ doublet i s w e l l resolved while the 
Cl 2p peak can be resolved i n t o two doublets (taken from the s i n g l e 
c h l o r i n e 2p, Q /_ l i n e shape discussed i n Chapter I I I ) i n the area r a t i o 
1:3. These arise from the single chlorine attached to the metal and 
the three i n d i s t i n g u i s h a b l e chlorines i n the p e r c h l o r o v i n y l l i g a n d , 
r e s p e c t i v e l y . The lower BE of the chl o r i n e attached to the metal 
r e f l e c t s i t s higher negative charge. BE's are shown i n Table 4.1, 
estimated errors being +0.2 eV. 
Spectra observed f o r (Ph0P).Pt(C„C1.) studied as a t h i n f i l m on r 3 2 2 4 
gold (from CH^Cl^ s o l u t i o n ) are i d e n t i c a l w i t h those from the v i n y l 
complex. The spectra from t h i s complex i n powder form are more 
complicated. The c h l o r i n e 2p peak cannot be adequately f i t t e d by a 
p a i r of doublets as above, but i t i s w e l l f i t t e d i f an a d d i t i o n a l 
doublet i s superimposed (Fig.4.2). Further, the pt 4f peak f o r the 
powder sample can be resolved i n t o two doublets (Fig.4.2). This 
suggests t h a t two platinum complexes are g i v i n g r i s e to the observed 
spectra. As shown i n Table 4.1 the BE of one type of Pt and the 1:3 
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CI p a i r c o i n c i d e w i t h those i n (Ph2P)2ptClCCCl—CCI2) and the o l e f i n 
complex r u n as a t h i n f i l m . The s i n g l e CI d o u b l e t remaining and the 
o t h e r type o f Pt c o u l d reasonably be a s c r i b e d t o the expected s p e c t r a 
o f ( P h ^ P ) 2 I > t : ( C 2 C ^ 4 ^ ' T ^ e c o n t r i ^ u t i o n t o t n e t o t a l peak areas from 
these peaks t u r n s out t o be the same (~ 24%) i n each case which lends 
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support t o t h i s i n t e r p r e t a t i o n . However, the Pt 4 f y ^ B E a t t r i b u t e d 
t o t h e m e t a l i n ( P h 0 P ) . P t ( C 0 C l . ) (71.2 eV) i s i n c o n s i s t e n t w i t h the 
3 2 2 4 
w e i g h t o f evidence (Chapter I I and r e f . 8 9 ) s u g g e s t i n g t h a t a v a l u e o f 
~ 72.5 eV would be more a p p r o p r i a t e . I n f a c t the BE f o r Pt ^ f ^ ^ 
e l e c t r o n s i n Pt m e t a l i s c l o s e t o 71.2 eV which suggests, as observed 
i n o t h e r samples^ decomposition t o g i v e f r e e m e t a l . This i s u n l i k e l y , 
however, because the e f f e c t i s a p p a r e n t l y absent f o r t h i n f i l m samples. 
These d e c o n v o l u t i o n s f o r the powder sample s p e c t r a might j u s t be a 
f o r t u i t o u s r e s u l t , the s p e c t r a b e i n g n a t u r a l l y broadened due t o 
d i f f e r e n t s u r f a c e c h a r a c t e r i s t i c s f o r the powder sample r e l a t i v e t o t h e 
t h i n f i l m . 
Whatever the meaning o f t h i s e x t r a b r e a d t h i n peaks from powder 
samples o f (Ph.P) 0Pt(C 0C1,), t h e r e can be l i t t l e doubt t h a t t h e 3 2 2 4 
observed s p e c t r a are due m a i n l y t o ( P h ^ P ^ P t C l ( CC^CC^). Because the 
ESCA technique o n l y samples the top 50 %. or l e s s , (Mg or Al Ka 
r a d i a t i o n ) these r e s u l t s would be o b t a i n e d i f t h e r e e x i s t e d a s u r f a c e 
l a y e r o f the v i n y l isomer on the c r y s t a l s o f the o l e f i n complex. 
I n f r a r e d s p e c t r a o f a n a l y t i c a l l y pure samples o f each complex showed 
no b u l k c o n t a m i n a t i o n o f the o l e f i n complex by the v i n y l isomer, as 
evidenced by the complete absence o f a P t - C l s t r e t c h band a t ~ 310 cm ^ 
( c h a r a c t e r i s t i c o f t h e v i n y l i s o m e r ) . 
I n f r a r e d s p e c t r a were recorded f o r samples a t each stage o f the 
ESCA experiment on (Ph^P^Pt(C 2C1^) i n an attempt to g a i n more 
i n f o r m a t i o n . The i m p o r t a n t r e g i o n s ( P t - C l s t r e t c h , 250-500 cm"''') o f 
these s p e c t r a are c o l l e c t e d i n Fig.4.3. D i s s o l u t i o n i n CR^Cl^ and 
r e c r y s t a l l i s a t i o n as a t h i n f i l m on c l e a n g o l d had no e f f e c t on the 
i n f r a r e d spectrum o f the pure complex. T h i s i s n o t unexpected s i n c e 
i t i s necessary to r e f l u x t he o l e f i n complex i n e t h a n o l to e f f e c t 
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i s o m e r i s a t i o n . A f t e r i r r a d i a t i o n f o r ~ 1 h r i n the spectrometer the 
i n f r a r e d spectrum o f the r e c o v e r e d m a t e r i a l showed the growth o f a 
v e r y weak band a t ~ 310 cm ^. T h i s e f f e c t was g r e a t e r f o r the t h i n 
f i l m sample than f o r the powder sample. The former a l s o i n d i c a t e d the 
emergence o f a band a t 1550 cm ^ (vr~ found i n the v i n y l complex, 
b u t n o t t h e o l e f i n i c p r e c u r s o r ) . 
I t would appear, t h e r e f o r e , t h a t a l a y e r o f the v i n y l isomer i s 
formed p h o t o c h e m i c a l l y on the s u r f a c e o f the o l e f i n complex. T h i s 
might occur, t o a l i m i t e d e x t e n t , d u r i n g p r e p a r a t i o n and subsequent 
s t a n d i n g ; b u t i t i s c e r t a i n l y a c c e l e r a t e d by X - i r r a d i a t i o n and i s 
f a i r l y e x t e n s i v e when the s u r f a c e area o f the m a t e r i a l i s h i g h (as i n 
th e t h i n f i l m , where 'pure' v i n y l - t y p e s p e c t r a are observed). 
I n p a s s i n g i t might be mentioned t h a t the Pt 4 f y ^ 2 BE i n 
( P h 3 P ) 2 P t C l ( C C l = C C l 2 ) , and the CI 2 p 3 ^ 2 BE f o r c h l o r i n e a t t a c h e d t o 
p l a t i n u m , are the same, w i t h i n e x p e r i m e n t a l e r r o r , as the v a l ues i n 
Table 2.3 f o r c i s - b i s ( d i p h o s p h i n e ) p l a t i n u m d i c h l o r i d e s which i n d i c a t e s 
t h a t the e l e c t r o n e g a t i v i t y o f the p e r c h l o r o v i n y l l i g a n d i s v e r y s i m i l a r 
t o t h a t o f c h l o r i n e i t s e l f . 
Before d i s c u s s i n g p o s s i b l e mechanisms f o r the i s o m e r i s a t i o n 
r e a c t i o n the r e s u l t s from s i m i l a r i n v e s t i g a t i o n s on r e l a t e d complexes 
w i l l be presented. 
Caption f o r F i g . 4.3 
(a) Pure (Ph 3P> 2 PtCl(CCl = CC12> 
(b) Pure ( P h 3 P ) 2 P t ( C 2 C l 4 ) 
( c ) ( P h 3 P ) 2 P t ( C 2 C l ^ ) a f t e r t h i n f i l m f o r m a t i o n from CH 2C1 2 on g o l d . 
(d) ( P h 3 P ) 2 P t ( C l 2 C l ^ ) a f t e r X - i r r a d i a t i o n (powder sample). 
(e) ( P h ^ P ) 9 P t ( C 9 C l , ) a f t e r X - i r r a d i a t i o n ( t h i n f i l m sample). 
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( i i ) Surface i s o m e r i s a t i o n o f (P h ^ A s ^ P t ( C ^ C l ^ ) and (Ph^As^Pt(C^HCl^) 
The s p e c t r a o f (Ph^As^PtCl(CC1=CC1 2), as a t h i n f i l m on g o l d , 
are v i r t u a l l y i d e n t i c a l t o those from the analogous phosphine complex. 
The r e l e v a n t BE's, again r e f e r e n c e d t o the phenyl carbons at 285.0 eV, 
are g i v e n i n Table 4. 1, and these are also almost i d e n t i c a l t o those 
from the phosphine complex as m i g h t have been expected from the 
comparison o f a r s i n e and phosphine complexes i n Chapter I I . 
The continuous scan mode used i n t h i s work i n v o l v e s the combination 
o f scan r a t e and r a t e meter time c o n s t a n t such t h a t t h e peak shape i s 
n o t d i s t o r t e d as i t i s recorded. Recordings o f the CI 2p peak from a 
powder sample o f (Ph^As)^Pt(C^Cl^) made d e l i b e r a t e l y w i t h h i g h scan 
r a t e d i r e c t l y a f t e r a c t i v a t i n g the X-ray beam i n d i c a t e d t h a t t h i s 
complex might be i s o m e r i s a t i n g s l i g h t l y more s l o w l y than the phosphine 
analogue, b u t the s p e c t r a o b t a i n e d i n i t i a l l y under t he c o r r e c t (much 
s l o w e r ) scan c o n d i t i o n s always appeared v e r y s i m i l a r t o those o f the 
v i n y l isomer - i n p a r t i c u l a r t h e low BE o f the CI 2p peak showed the 
t e l l - t a l e hump o f the c h l o r i n e bound t o m e t a l . Thus changing phosphine 
l i g a n d s t o a r s i n e e q u i v a l e n t s has no e f f e c t on the i s o m e r i s a t i o n o f 
these t e t r a c h l o r o e t h y l e n e complexes. 
The t r i c h l o r o e t h y l e n e complex ( P h ^ P ^ P t ( C ^ C l ^ ) i s v e r y d i f f i c u l t 
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to i s o l a t e due t o i t s f a c i l e i s o m e r i s a t i o n t o ( P h ^ P ^ P t C l (CH=CC12) ' 
b u t t h e a r s i n e analogue can be o b t a i n e d i n the c r y s t a l l i n e s t a t e . 
Since t he v i n y l complex has now o n l y two c h l o r i n e s i n the o r g a n i c 
l i g a n d compared w i t h t h r e e f o r t h e p r e v i o u s l y s t u d i e d v i n y l complexes 
the i s o m e r i s a t i o n o f ( P t ^ A s ^ P t ( C ^ C l ^ ) o f f e r s the chance to check t h e 
co n c l u s i o n s , based on d e c o n v o l u t i o n s o f complex CI 2p s p e c t r a , drawn 
from the r e s u l t s from i s o m e r i s a t i o n o f the t e t r a c h l o r o e t h y l e n e 
complexes. 
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The s p e c t r a o f (Ph^As) 2 P t C 1(CH=CC1 2> are shown i n Fig.4.4, the 
Be'S are i n c l u d e d i n Table 4. 1. The complex was s t u d i e d i n powder 
form because i t was c o m p l e t e l y i n s o l u b l e i n CH 2C1 2 or CHCl^. The CI 
2p peak shows the low BE shoulder o f the P t - C l c h l o r i n e b ut w i t h t h e 
expected r e l a t i v e i n c r e a s e i n i n t e n s i t y r e l a t i v e t o (P h ^ A s ^ P t C l (CC1 = 
CC1 2). An attempted d e c o n v o l u t i o n f o r two types o f c h l o r i n e i n the 
r a t i o 2:1 give s a s l i g h t l y d i s a p p o i n t i n g f i t compared w i t h t h e 3:1 
f i t f o r t he p e r c h l o r o v i n y l complexes. This may be due t o s l i g h t 
i m p u r i t y o f the sample or t o the presence o f trapped CH 2C1 2 ( f r o m 
p r e p a r a t i o n ) i n the l a t t i c e . Both types o f c h l o r i n e i n t h i s complex 
have s l i g h t l y lower BE's than i n t h e p e r c h l o r o v i n y l analogue w h i l e the 
Pt kt-ji^ BE and t h e As 3 d ^ ^ 2 BE o f the a r s i n e l i g a n d are the same. 
T h i s r e f l e c t s the lower e l e c t r o n e g a t i v i t y o f -CH=CC12 compared w i t h 
-CC1=CC12 (lower BE f o r Cl-Pt i n the former complex) and the decreased 
c o m p e t i t i o n f o r e l e c t r o n d e n s i t y of the c h l o r i n e s i n the v i n y l l i g a n d 
(two c h l o r i n e s i n -CH=CC10 versus t h r e e i n -CC1-CC10). 
TABLE 4. 1 
Core B i n d i n g Energies (eV) 
Pt 4 f ? / 2 CI 2 p 3 / 2 As 3 d 5 / 2 
(Ph„P) 0PtCl(CCl=CCl 0) 72.3 197.7(1) 199.9(3) -
( P h 3 A s ) 2 P t C l ( C C l = C C l 2 ) 72.1 197.7(1) 199.9(3) 42.7 
( Ph 3As) 2PtCl(CH=CCl 2) 72.2 197.5(1) 199.6(2) 42.8 
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Spectra from a powder sample o f (Ph^As^Pt(C^HCl^) taken 
i m m e d i a t e l y a f t e r s w i t c h i n g on the X-ray beam are i d e n t i c a l to those 
from (Ph^As^PtCKCR^CCl^. The s u r f a c e i s o m e r i s a t i o n o f t h i s complex 
would t h e r e f o r e appear t o be v e r y r a p i d under X-ray bombardment. 
A f t e r l onger p e r i o d s o f i r r a d i a t i o n the CI 2p and Pt 4 f peaks began t o 
broaden p r o b a b l y due to sample decomposition. 
I n f r a r e d s p e c t r a o f these complexes were again recorded t o f o l l o w 
t h e s u r f a c e / b u l k e f f e c t o f i s o m e r i s a t i o n . U n f o r t u n a t e l y the P t - C l 
s t r e t c h r e g i o n i s masked by v i b r a t i o n a l modes o f the t r i p h e n y l a r s i n e 
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l i g a n d s ; however, t h e r e are o t h e r d i a g n o s t i c f e a t u r e s a v a i l a b l e . 
( P h 3 A s ) 2 P t C l ( C C l = C C l 2 ) g i v e s a medium band a t ~ 810 cm**1 which i s 
absent i n t h e spectrum o f ( P h ^ A s ^ P t ( C 2 C 1 ^ ) . The s p e c t r a i n t h i s 
r e g i o n f o r these two pure complexes are shown i n Fig.4.5 t o g e t h e r w i t h 
the spectrum from (Ph-As).Pt(C„C1.) recovered a f t e r 45 mins. i r r a d i a t i o n . 
3 2 2 4 
This l a t t e r spectrum e x h i b i t s a weak band a t about 810 cm 1 i n d i c a t i n g 
t h a t a v e r y s i m i l a r s i t u a t i o n p e r t a i n s t o t h a t found f o r the t r i p h e n y l -
phosphine analogue, namely t h a t i r r a d i a t i o n a f f e c t s the b u l k o f the 
sample (as m o n i t o r e d by i . r . s p e c t r a ) v e r y l i t t l e b ut the s u r f a c e 
l a y e r s (as m o n i t o r e d by ESCA) undergo complete i s o m e r i s a t i o n t o the 
v i n y l complex. 
S i m i l a r l y , ( P h 3 A s ) 2 P t C l (CH=CC12) give s a s t r o n g band a t ~ 840 cm"1 
whereas ( P h ^ A s ^ P t ( C ^ l ^ H ) has a broad weak band a t ~ 845 cm . The 
l a t t e r g i v e s a medium band a t 785 cm 1 which i s absent i n the v i n y l 
isomer spectrum. The r e l e v a n t r e g i o n s o f these s p e c t r a are shown i n 
Fig.4.6 t o g e t h e r w i t h t h e spectrum from (Ph^As ) 2 P t ( C ^ C l ^ ) a f t e r 
i r r a d i a t i o n f o r about 40 mins. The l o w e r i n g i n i n t e n s i t y o f t h e 785 
cm 1 peak i n t h i s l a t t e r spectrum i s marked as i s the accompanying 
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FIGURE 4-5 
(a) pure ( P h 3 A s ) 2 Pt C1(CC1 = CCl^) 
(b) pure ( P h 3 A s ) 2 Pt (C 2C1 4) 
( c ) ( P h 9 A s ) 9 Pt (C 9C1 /) a f t e r X - i r r a d i a t i o n 
90. 
y r 
ft 
T T 
I I I I I 1 I I 
1100 1000 9 0 0 8 0 0 CM* 1 
FIGURE 4-6 
(a) pure ( P h 3 A s ) 2 Pt CI (CH = CC1 2) 
(b) pure ( P h 3 A s ) 2 Pt (C 2HC1 3) 
" ( c ) (Ph~As ) 9 Pt (C 9HC1~) a f t e r X - i r r a d i a t i o n 
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i n c r e a s e i n b r e a d t h and i n t e n s i t y o f the peak c e n t r e d a t ~ 840cm*"1 (note 
t h e s h i f t o f the peak maximum from 845 840 cm 1 ) . Compared w i t h the 
t e t r a c h l o r o e t h y l e n e complexes i t would appear t h a t i s o m e r i s a t i o n o f 
the t r i c h l o r o e t h y l e n e complex occurs t o a g r e a t e r e x t e n t s i n c e the i . r . 
r e s u l t s show c o n s i d e r a b l e i s o m e r i s a t i o n o f the b u l k t o have o c c u r r e d . 
Since s i m i l a r s i z e d samples were used i n a l l these i n v e s t i g a t i o n s t h i s 
i n d i c a t e s a g r e a t e r ease o f i s o m e r i s a t i o n o f the t r i c h l o r o e t h y l e n e 
complex under X-rays which i s i n accord w i t h chemical and k i n e t i c 
131 133 
i n f o r m a t i o n on t h e t r i p h e n y l p h o s p h i n e analogues. 5 
( i i i ) Attempts t o o b t a i n ESCA s p e c t r a f o r unisomerised (Ph^As^Pt(C^Cl^) 
There are s e v e r a l i n d i c a t i o n s from the work d e s c r i b e d above t h a t 
a t room temperature complexes I ^ P t C o l ) ( o l = C2C1^, C^Cl^H) are s l i g h t l y 
more s t a b l e w i t h r e s p e c t t o i s o m e r i s a t i o n when L = Ph^As r a t h e r than 
L - *?^13I>» A c c o r d i n g l y , ( P h ^ A s ^ ^ t ( C ^ C l ^ ) was chosen f o r attempts t o 
o b t a i n s p e c t r a o f the pure isomer. A b r i e f comment by Seigbahn e t al"" 
suggests t h a t f r e e z i n g techniques can be u s e f u l f o r s t u d y i n g compounds 
wh i c h tend t o decompose under normal ESCA c o n d i t i o n s , consequently 
attempts were made t o s t u d y a t h i n f i l m o f the complex a t low 
temperatures. 
To a v o i d t he p o s s i b i l i t y o f s o l v e n t (CH^Cl^) i n t e r f e r e n c e a f t e r 
f o r m i n g a t h i n f i l m sample ( n o r m a l l y , a t ambient temperatures, any 
trapped s o l v e n t i s q u i c k l y pumped o f f ) an u n c h l o r i n a t e d s o l v e n t was 
r e q u i r e d . ( P h ^As^Pt (C^Cl^) i s j u s t s o l u b l e enough i n acetone f o r t h i n 
f i l m f o r m a t i o n on g o l d a l t h o u g h the coverage i s l e s s good than when 
CH^Cl^ i s used as s o l v e n t . Such a sample was prepared and, a f t e r 
p l a c i n g i n the spe c t r o m e t e r , was cooled down t o -110°C and m a i n t a i n e d 
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a t t h i s temperature. Condensation o f contaminants ( m a i n l y water vapour) 
i n t he spectrometer housing i s n o t a problem a t t h i s temperature s i n c e 
t h i s begins at ~ -130°C ( t h i s was checked by a quadrupole mass 
spectrometer connected d i r e c t l y i n t o t he s p e c t r o m e t e r ) . The r e s u l t s 
suggested t h a t the complex was indeed s t a b l e under these c o n d i t i o n s 
s i n c e c h l o r i n e 2p peak shapes were more l i k e t he ' s i n g l e c h l o r i n e ' peak 
shape and no low BE peak (due t o P t - C l ) was observed. When the sample 
was a l l o w e d to warm-up t o ambient temperature the CI 2p spectrum again 
resembled t h a t from the v i n y l isomer ( F i g . 4 . 7 ) . This behaviour was 
reproduced w i t h f r e s h samples. The observed BE's, r e f e r e n c e d as u s u a l 
t o Cls= 285.0 eV, are shown i n Table 4.2 
TABLE 4.2 
Core B i n d i n g Energies (eV) 
Pt 4 f ? / 2 CI 2 p 3 / 2 As 3 d 5 / 2 
( P h 3 A s ) 2 P t ( C 2 C 1 4 ) (-110°C) 
C 2C1 4 (-80°C) 
72.4 200.6 
202.2 
42.7 
Also shown i s t h e CI 2 p ^ 2 BE f o r C 2C1 4 s t u d i e d as a t h i n 
condensed f i l m on g o l d at -80°C. 
I t i s s a t i s f y i n g t o f i n d t h a t the p l a t i n u m BE compares w e l l w i t h 
the p r e d i c t e d v a l u e o f ~ 72.5 eV from the r e s u l t s on o t h e r o l e f i n 
complexes (Chapter I I ) . I n comparing the c h l o r i n e BE f o r f r e e and 
complexed C 9C1, i t i s assumed t h a t any c h a r g i n g c o r r e c t i o n f o r t h e 
C 9C1 data w i l l be s m a l l ; a l s o s i n c e t h i s d a ta cannot be i n t e r n a l l y 
8 
I 
u 
CO 
CM 
8 
94. 
r e f e r e n c e d t o t h a t o f the complex t h e r e l a t i v e e r r o r i n comparing the 
d a ta i s h i g h e r than u s u a l l y quoted. Even i f t h i s i s as h i g h as + 0 . 5 
eV i t i s apparent t h a t t h e r e i s a s i g n i f i c a n t decrease i n the c h l o r i n e 
BE when ^ C l ^ b e c o m e s complexed. T h i s i n c r e a s e i n e l e c t r o n d e n s i t y 
can o n l y be accounted f o r i f t h e r e i s a marked degree o f e l e c t r o n 
t r a n s f e r from m e t a l to l i g a n d ; these r e s u l t s , t h e r e f o r e , c o n s t i t u t e 
f u r t h e r d i r e c t evidence f o r the v a l i d i t y o f the Dewar-Chatt-Duncanson 
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model discussed i n Chapter I I . 
( i v ) Mechanisms o f I s o m e r i s a t i o n 
D e t a i l e d r e s u l t s are a v a i l a b l e i n the l i t e r a t u r e concerning the 
i s o m e r i s a t i o n o f ( P t ^ P ^ P t (C 2C1^) and ( P h 3 P ) 2 P t ( C 2 H C 1 3 ) i n h y d r o x y l i c 
s o l v e n t s (e.g. a l c o h o l s . ) C a r e f u l i . r . s t u d i e s on the v i n y l 
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complexes formed i n d i c a t e t h a t these have the c i s c o n f i g u r a t i o n o f 
phosphine l i g a n d s , a l t h o u g h i s o m e r i s a t i o n to the thermodynamically 
f a v o u r e d t r a n s arrangement i s e a s i l y e f f e c t e d by h e a t i n g i n benzene t o 
~ 110°C ( i n a sealed t u b e ) , and i n those v i n y l complexes which are 
formed d i r e c t l y from r e a c t i o n o f (Ph 2MeP)^Pt w i t h o l e f i n the s t e r e o -
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c h e m i s t r y i s i n v a r i a b l y t r a n s . 
The two mechanisms f o r i s o m e r i s a t i o n o f ( P h 3 P ) 2 P t ( C 2 C 1 ^ ) t o 
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c i s - ( P h 3 ) 2 P t C l ( C C 1 = C C 1 2 ) which are c o n s i s t e n t w i t h p r e p a r a t i v e and 
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k i n e t i c ' data are a synchronous i n t r a m o l e c u l a r process and a 
r a t e - d e t e r m i n i n g i o n i s a t i o n t o [ ( P h 3 P ) 2 P t ( C C l = C C l 2 ) ] + and CI , p o s s i b l y 
a s s o c i a t e d as an i o n - p a i r , f o l l o w e d by r a p i d f o r m a t i o n o f a p l a t i n u m 
to c h l o r i n e bond and a p l a t i n u m t o carbon a-bond. The k i n e t i c d e t a i l s 
are more c o n s i s t e n t w i t h the l a t t e r v a r i a t i o n but i n d i c a t e t h a t i n the 
case o f (Ph«P)9Pt(C HC1„) i s o m e r i s a t i o n the i n t r a m o l e c u l a r process p l a y s 
a much more i m p o r t a n t r o l e d e s p i t e the f a c t t h a t f o r m a t i o n o f the 
proposed ion-pair [(Ph^P)^Pt(CH=CC1)] CI i s e a s i e r , which would 
expla i n the greater speed of r e a c t i o n . 
I n the s o l i d s t a t e the extreme case of ion-pair formation (aided 
i n polar s o l u t i o n ) i s u n l i k e l y to be r e a l i s e d , however,the precedent 
for an intramolecular mechanism involving i n the f i r s t instance 
s t r e t c h i n g (weakening) of a carbon-chlorine bond f i t s n i c e l y ; t h i s 
f i r s t step could occur photochemically and, i n the surface l a y e r s , be 
aided by the presence of adsorbed water molecules (by analogy with the 
s o l u t i o n r e a c t i o n ) 
CI CI 
\ / Ph 3P C 
Pt < 
Ph.P C 
3 /\ 
CI CI 
hv 
CI CI 
\ / Ph 3P c 
Pt 
/ \ 
CI CI 
6-
(1) (2) 
CI CI 
\ / 
Pt ^ 
3 V/\ 
CI CI 
I -
(3) 
CI CI 
\ / 
PH 3P x c - « / 
Pt CI 
p h 3 P X CI 
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The predicted stereochemistry would thus be a c i s configuration 
of phosphine ligands. The very small d i f f e r e n c e s i n i . r . spectra of 
the c i s - and trans-isomers of v i n y l complexes, however, makes i t 
impossible to i n f e r anything about the stereochemistry of the v i n y l 
complexes formed during X - i r r a d i a t i o n of the o l e f i n i c isomers from 
in s p e c t i o n of the i . r . spectra taken a f t e r i r r a d i a t i o n . 
The same type of mechanism i s presumed to operate for the t r i p h e n y l -
a r s i n e analogue and for the t r i c h l o r o e t h y l e n e d e r i v a t i v e , with 
p r e f e r e n t i a l i n i t i a l e x c i t a t i o n of the C-Cl bond of the =CHC1 group. 
CHAPTER V 
ESCA STUDIES OF SOME TRANSITION METAL CARBONYL COMPLEXES 
CONTAINING ORGANO-NITROGEN LIGANDS. 
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A s e r i e s of t r a n s i t i o n metal carbonyl d e r i v a t i v e s containing 
organonitrogen ligands, prepared i n t h i s U n i v e r s i t y (Dr H.R. Keable 
and Dr M. K i l n e r ) , o ffered the p o s s i b i l i t y of applying the experience 
gained from the previous s t u d i e s of platinum complexes to problems 
concerning s t r u c t u r a l and bonding modes i n these complexes. Some of 
the r e s u l t s have already been included i n Dr H.R. Keable's Ph.D. 
Thesis ( U n i v e r s i t y of Durham, 1972). 
( i ) I n t r o d u c t i o n 
The range of BE's for Nls core l e v e l s i n commonly encountered 
48 138 
s i t u a t i o n s i s f a i r l y large (around 10 eV) * hence s i g n i f i c a n t s h i f t s 
may be a n t i c i p a t e d upon co-ordination of ligands through nitrogen. Two 
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ligand systems, the methyleneamino (R^CJN-) and the a z a - a l l y l / a l l e n e 
(R^CNR^)^^ groups, have been i n v e s t i g a t e d and each has the p o s s i b i l i t y 
of bonding i n various ways. Two forms of the complex 
[ir-C 5H 5W(CO) 2{(£-tolyl) 2CNC(£-tolyl) 2}] have been i s o l a t e d which are 
thought to d i f f e r only i n the nature of attachment of the organonitrogen 
group to the metal. The para-substituents of the a r y l groups have a 
profound e f f e c t on the course of the reac t i o n s i n v o l v i n g methyleneamino 
d e r i v a t i v e s and these e l e c t r o n i c e f f e c t s together with s t r u c t u r a l forms 
adopted by the ligands have been i n v e s t i g a t e d by ESCA. 
( i i ) Experimental 
Spectra were e x c i t e d using MgKo^ ^ r a d i a t i o n , the samples being 
studied as powders pressed onto double sided scotch tape. Even though 
the percentage of nitrogen i n some compounds i s very low s a t i s f a c t o r y 
spectra were always obtained. 
98. 
Corrections for charging e f f e c t s , not greater leV i n most cases, 
were made as follows. A l l compounds contained £-tolyl or 2-CF^C^H^-
groups which dominate t h e i r C l s spectra. PhCH^ and PhCF^, studied 
as t h i n condensed f i l m s on gold, under which conditions charging e f f e c t s 
are minimised ( < 0 , 3 eV), gave the following binding energies 
PhCH 3: C l s ( c e n t r o i d ) = 285.0 eV 
PhCF 3: C l s ( c e n t r o i d ) = 286.3 eV (Ph), 293.8 eV (-CF 3), 
F l s = 690.8 eV. 
Under these conditions and those used for t h i s i n v e s t i g a t i o n the 
A u 4 f ^2 l e v e l at 84.0 eV BE, used as reference, had a halfwidth of 
1.15 eV. The C l s centroid for compounds with £-tolyl groups was, therefore, 
referenced to 285.0 eV and the F l s peak for the compounds with 
£-CF 3C^H^- groups referenced to 690.8 eV. For the l a t t e r compounds the 
C l s peaks a r i s i n g from -C^H^- and -CF 3 groups then occured at 286.1 eV 
and 293.8 eV(BE's) r e s p e c t i v e l y i n s a t i s f a c t o r y agreement with the values 
from PhCF 3, The time independant nature of the spectra and v i s u a l 
examination of the samples a f t e r removal from the spectrometer indicated 
that r a d i a t i o n damage was i n s i g n i f i c a n t . 
( i i i ) R e s u l t s and Discussion 
( a ) Q u a l i t a t i v e Discussion. 
The complexes studied f a l l into two groups: methyleneamino 
complexes n - C ^ / l ( C 0 ) ^ :CR2 and aza-al l y l / a l l e n e complexes 
TC-C 5H 5M(CO) 2[R 2CNR 2] (M = Mo,W; R = £-tolyl and £~CF 3C 6H 4-). T h e i r 
experimental BE 1s and those of free ligand model compounds are given 
i n Table 5.1. 
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An i n t e r e s t i n g feature of the spectra from molybdenum complexes 
i s the clos e proximity of the Nls and Mo3p^ 2 l e v e l s . This l a t t e r 
core l e v e l i s l e s s convenient for accurate study than the 3d,. «2 l e v e l 
because of i t s greater inherent linewidth, however, the spectra i n 
t h i s region give an immediate p i c t u r e of the nitrogen and molybdenum 
BE's and allow r e l a t i v e s h i f t s to be measured without the error imposed 
by c o r r e c t i o n s to reference l e v e l s . This point i s i l l u s t r a t e d i n 
F i g . 5.1. 
I t i s c l e a r that i n going from the methyleneamino complex to the 
a z a - a l l y l / a l l e n e complex that the increase i n Nls BE i s accompanied by 
a decrease i n the BE of the metal core l e v e l s . This suggests that the 
el e c t r o n density i n c r e a s e s at the metal atom and decreases at the 
nitrogen of the ligand on replacing the methyleneamino by the a z a - a l l y l / 
a l l e n e group. 
I n the two complexes shown the TC-C^H^MOCCO)^- moiety can be 
thought of as being bonded to the three e l e c t r o n donors ( j D - t o l y l ^ C : N -
and ( p - t o l y l ^ C N C C p - t o l y l ^ r e s p e c t i v e l y . The bonding aspects w i l l be 
discussed i n more d e t a i l below, but the peak separations show d i r e c t l y 
that t h i s d e s c r i p t i o n must, at l e a s t , be a reasonable approximation. 
The s h i f t s i n Mo BE's shown by 3 p ^ 2 l e v e l are mirrored by the more 
acc u r a t e l y measurable Mo3d^^2 l e v e l quoted i n Table 5.1. 
I t i s apparent from the metal and Nls BE's that the s h i f t s 
i n going from one complex of Mo to i t s analogue i n the W s e r i e s are 
not s i g n i f i c a n t l y d i f f e r e n t . Moreover, the s h i f t s i n BE fs f or each 
metal i n going from it-C 5H 5M(CO) 2NC(£-tolyl) 2 to rc-C^MCCO)^ (£-tolyl>2-
CNC(£-tolyl) 2] type complexes are the same ( c a 0.6 eV). This r e s u l t 
may be expected i n view of the f a c t that the atomic r a d i i of the two 
metals are very s i m i l a r due to the lanthanide contraction. 
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The long range e f f e c t s o f changing the £-substituents on the a r y l 
groups can be r e a d i l y seen i n both methyleneamino and a z a - a l l y l / a l l e n e 
complexes. Changing CH^- t o CF^- would be expected t o lower t he 
e l e c t r o n d e n s i t y a t n i t r o g e n and the m e t a l , through the p o w e r f u l e l e c t r o n 
w i t h d r a w i n g i n f l u e n c e o f the £-CF^ group; indeed, t he Nls BE's i n b o t h 
types o f complex are seen t o i n c r e a s e by leV w h i l e the metal BE's 
i n c r e a s e s i g n i f i c a n t l y a l s o . Such e l e c t r o n i c e f f e c t s i n a z a - a l l y l / 
a l l e n e complexes have been i n f e r r e d f r o m c o r r e l a t i o n s o f c a r b o n y l 
s t r e t c h i n g f r e q u e n c i e s w i t h t he e l e c t r o n i c p r o p e r t i e s o f the para-
14-2 
s u b s t i t u e n t s as i n d i c a t e d by t h e i r Hammett cr-constants. Table 5.2 
c o l l e c t s t h e m e t a l BE's and s o l i d s t a t e c a r b o n y l s t r e t c h i n g f r e q u e n c i e s , 
w h i l e F i g . 5.2 c o r r e l a t e s these two parameters ( u s i n g the h i g h e r o f the 
two v a l u e s ) . The p a r a l l e l t r e n d s show t h a t the c o r r e l a t i o n i s 
independant o f the m e t a l which i s f u r t h e r i n d i c a t i o n o f the v e r y c l o s e 
s i m i l a r i t y between complexes o f Mo and W. Since both methyleneamino 
and a z a - a l l y l / a l l e n e complexes are used i n t h i s c o r r e l a t i o n the good f i t 
o b t a i n e d o f f e r s d i r e c t evidence f o r the w i d e l y accepted b e l i e f t h a t 
c a r b o n y l groups e x e r t a s t r o n g s t a b i l i s i n g e f f e c t i n complexes o f metals 
i n low f o r m a l o x i d a t i o n s t a t e s through d i s s i p a t i o n o f excess e l e c t r o n 
d e n s i t y on the c e n t r a l m e t a l atom. There i s no good t h e o r e t i c a l reason 
why such c o r r e l a t i o n s should be l i n e a r b ut s i n c e b o t h measurements monitor 
t o a l e s s e r o r g r e a t e r e x t e n t the e l e c t r o n i c environment o f the m e t a l 
atom a d e f i n i t e t r e n d would be expected. 
.(b) Methyleneamino complexes 
A l a r g e v a r i e t y o f data has a l r e a d y been accumulated i n or d e r t o 
r e s o l v e the q u e s t i o n o f bonding i n complexes i n v o l v i n g the methyleneamino 
l i g a n d R C:N- which c o u l d e i t h e r a c t as a one o r t h r e e e l e c t r o n donor 
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TABLE 5.2 
W complexes 
it-C 5H5W (CO ) 2NC (£- to l y 1) 
K-C5H5W(CO)2NC ( £ - C F 3 C 6 H 4 ) 2 
(B) n-C 5H 5W(CO) 2[(£-tolyl) 2CNC(£-tolyl) 2] 
Mo complexes 
7i-C5H5Mo (CO ) 2NC (£- to l y 1) 
7l-C 5H 5Mo(CO) 2[(£-tolyl) 2CNC(£-tolyl) 2] 
W4f ? / 2B.E.(eV) v C 0 ( K B r ) ( c m " l ) a 
31.6 
32.3 
31.0 
Mo3d 5 / 2B.E.(eV) 
229.0 
228.4 
(A+B) :c-C 5H 5Mo(CO) 2[(£-CF 3C 6H 4) 2CNC(£-CF 3C 6H 4) 2] 229.3 
1938, 1838 
1956, 1869 
1931, 1830 
1949, 1855 
1936, 1836 
1958, 1873 
a data from r e f s . 149,152 
b mean of frequencies from t\;o isomers: 1963, 1880 and 1954, 1866cm" 
C a p t i o n f o r F i g . 5.2 
TT-C 3H 5M(CO) 2NCR 2 a : M - W, R = p - t o l y l 
b : M = W, R = P"CF 3C 6H 4 
c : M = Mo, R = p - t o l y l 
TT-C 5H 5M(CO) 2R 2CNR 2 d : M = W, R = p - t o l y l 
e : M = Mo, R = p - t o l y l 
f : M = Mo, R - p-CF.3C6H 4 
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(bent or l i n e a r M-N-C skeletons r e s p e c t i v e l y ) depending on the 
involvement of the nitrogen lone p a i r . V a r i a b l e temperature 
19 t 143 144 142 and F nmr spectra for the complexes with R = Bu, ' p - t o l y l 
142 
and p-CF^C^H^ r e s p e c t i v e l y (the a r y l groups having f a i r l y low s t e r i c 
requirements) strongly suggest a l i n e a r M-N-C skeleton. X-ray 
d i f f r a c t i o n data for Tc-C^H,_Mo(CO)2NCtBu2''"^ showed a v i r t u a l l y l i n e a r 
skeleton and considerable m u l t i p l e bonding i n the M-N bond, although a 
model indicated that t h i s may be due to s t e r i c requirements of the ligand 
and not s o l e l y due to e l e c t r o n i c e f f e c t s . C=N s t r e t c h i n g frequencies 
for complexes i n which R-**Bu are not appreciably lowered from those of 
the free methyleneamine as might be expected i f back donation were 
s i g n i f i c a n t . Methyleneamino groups bound l i n e a r l y to the main group 
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metals and metalloids where d h> it* back donation i s not possible 
(eg. Be, B, A l , S i ) or u n l i k e l y (eg. Ga) show s i g n i f i c a n t increases i n 
v p. T but as the co-ordining element becomes heavier t h i s increase becomes 
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smaller and the small charges for t r a n s i t i o n metal complexes are i n 
keeping with t h i s trend. Hence cr and p -d donation processes which 
TC it 
tend to increase v may be e f f e c t i v e l y balanced by d i t * back bonding. 
I n the complexes studied here the C=N frequencies are obscured by ring 
v i b r a t i o n s of the a r y l groups so t h i s information i s lacking. 
R e f e r r i n g to the r e l e v a n t figures in Table 5.1 i t i s apparent that 
there i s no s t a t i s t i c a l l y s i g n i f i c a n t a l t e r a t i o n of the Nls BE's of the 
methyleneamines on r e p l a c i n g the hydrogen by a t r a n s i t i o n metal. This 
i s equivalent to saying that the e l e c t r o n density on nitrogen i s v i r t u a l l y 
unaltered which suggests that e i t h e r the lone p a i r i s not involved i n 
bonding or that the it-donor and 7c-acceptor tendancies of the ligand are 
e f f e c t i v e l y balanced. The f a c t that long range e l e c t r o n i c e f f e c t s are 
e f f i c i e n t l y transmitted from para-positions on the a r y l groups v i a 
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nitrogen and the metal to the carbonyl groups argues the presence of a 
conjugated ^-system and, therefore, favours the l a t t e r explanation. I t 
i s therefore l i k e l y that for a l l types of R group i n R^C:N- ligands the 
M-N-C skeleton w i l l be l i n e a r as a r e s u l t of maximum overlap of the 
nitrogen lone p a i r ( i n a p o r b i t a l ) with s u i t a b l e metal d o r b i t a l s . 
Back donation (d^ -> TC*) can then increase s y n e r g i c a l l y with t h i s i ncrease . 
i n p -d bonding. 
TZ TZ 
( c ) A z a - a l l y l / a l l e n e complexes 
The a z a - a l l y l / a l l e n e ligand i s thought to act as a three e l e c t r o n 
donor (thus f u l f i l l i n g the i n e r t gas r u l e for the metal), on the basi s 
of a) the f a i l u r e to add a further n e u t r a l 2-electron donor such as 
triphenylphosphine or even CO under conditions of high temperature and 
pressure,^ ^ and b) the low carbonyl frequencies i n d i c a t i n g d i s s i p a t i o n 
of high charge build-up on the metal as described above. 
For the complexes studied, 7t-C 5H 5M(CO) 2[R 2CNCR 2] (M = Mo, W; 
R = £-tolyl, 2-CF^C^H^) two isomers e x i s t i n the s o l i d s t a t e (forms A 
and B). The po s s i b l e nature of these isomers and the i s o l a t i o n of form A 
(M = Mo, R = £-tolyl) (1) and form B (M = W, R = £-tolyl) has been 
discussed previously. The c r y s t a l s t r u c t u r e of (1) shows that 
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the ligand adopts the aza-allene bonding mode; The observed molecular 
geometries^"* and interatomic distances are not i n c o n s i s t e n t with e i t h e r 
of the extreme bonding modes (Figure h.3). R 
R R R C \ N 
M 
R X c 
+ 
N 
M R R R 
( a ) Figure 5.3 (b) 
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The f i r s t (Figures 5 . 3 ( a ) ) , involves t r a n s f e r of an e l e c t r o n to the 
metal leaving a p o s i t i v e l y charged ligand which i s i s o e l e c t r o n i c with the 
a l l e n e s ; the ligand then act s as a two e l e c t r o n mono-olefin type donor. 
The second (Figure 5.3(b)) would imply bonding of the aza-allene r a d i c a l , 
R2C=N-CR2, v i a a metal-carbon bond and cr-donation of the nitrogen lone 
p a i r , r e s u l t i n g i n formation of an e s s e n t i a l l y o-bonded three membered 
rin g . 
The bonding s i t u a t i o n i l l u s t r a t e d i n F i g 5.3(a) would be expected to 
be s i m i l a r to that found i n t r a n s i t i o n metal a l l e n e complexes involving 
o-donation from the ligand and d -> it* back donation. The s i m i l a r i t y 
i t 
of C-C bond lengths for the 'free' and complexed ligands, and t h e i r 
s l i g h t d e viation from the normal o l e f i n i c C-C distance, ^""^  i n such 
complexes i n d i c a t e s that the l a t t e r process has l i t t l e e f f e c t on the co-
ordinated C-C bond length. The metal-carbon bond distances i n such 
complexes tend to be s l i g h t l y longer than those i n metal a l k y l s . I n 
the a z a - a l l e n e complex the co-ordinated C-N bond length i s that of the 
s i n g l e bond and the Mo-N and Mo-C distances are s l i g h t l y shorter than 
s i n g l e bonds. Back donation must, therefore play a s i g n i f i c a n t r o l e . 
This i s only to be expected for the postulated p o s i t i v e l y charged ligand 
and a p a r a l l e l could be drawn between t h i s ligand and TCNE which, as a 
poor cr-donor and very strong i t - acceptor, displays almost s i n g l e C-C 
bond distances i n i t s complexes. "^^ ^ The C-N bond lengths a l s o i n d i c a t e 
more extensive back donation than i n the corresponding methyleneamino 
complexes (see above). The flow of e l e c t r o n density to the ligand could 
balance, i f not exceed, i n i t i a l t r a n s f e r of an e l e c t r o n to the metal, i n 
view of the reduction of the co-ordinated C-N bond order to one. 
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For t h i s bonding mode, therefore, the nitrogen BE would not be 
expected to d i f f e r g r e a t l y from that of the free ligand while the 
metal BE might compare with that found for the corresponding 
methylamino complex where donation to and from the metal appear to 
balance a l s o . 
I n the other bonding mode the more e f f e c t i v e Mo-N bonding would 
take place with the nitrogen lone p a i r occupying an o r b i t a l of near 
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sp h y b r i d i s a t i o n , with most of the e l e c t r o n density directed towards 
the metal. The Mo-N and Mo-C distances imply a degree of back donation. 
This may occur for the Mo-N bond by d TC* donation into the orthogonal 
it* o r b i t a l s of the unco-ordinated C=N system, but for the struct u r e 
shown i n F i g . 5.3(b) there would be no TC* o r b i t a l s a v a i l a b l e f o r 
back donation on the unco-ordinated carbon atom. A l e s s extreme 
s t r u c t u r e than that shown, i n which some TC character i s given to the 
co-ordinated C-N bond must be invoked to f i t the observed s t r u c t u r a l 
parameters. The net r e s u l t i s s t i l l l i k e l y to be one i n which a b u i l d -
up of e l e c t r o n density occurs on the metal, at the expense of the 
nitrogen. 
Consider now the BE data given i n Table 5.1.The Nls BE (400.0 eV) 
for TC-C 5H 5Mo(C0) 2{(2-tolyl) 2CNC(£-tolyl) 2} i s 1.3 eV greater than i n 
TC-C 5H 5Mo(CO) 2NC(£-tolyl) 2 and 1.2 eV greater than i n (£-tolyl) 2C=NHPh 2. 
The l a t t e r may be taken as a reasonable model for the free aza-allene 
ligand s i n c e as far as the Nls BE i s concerned there i s expected to be 
l i t t l e d i f f e r e n c e between (£-tolyl) 2C=N-CHPh 2 and (£-tolyl) 2C=N-CPh 2. 
Such increases i n BE i n d i c a t e a considerable r e l a t i v e reduction of 
el e c t r o n density at nitrogen. There i s al s o a s i g n i f i c a n t i ncrease i n 
the metal e l e c t r o n density i n going from the methyleneamino to the 
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aza-allene complex (0.6 eV decrease i n BE). This data suggests that 
bonding of the aza-allene group to Mo involves a greater degree of 
ele c t r o n donation from ligand to metal than i s apparent i n the 
analogous methyleneamino complexes, rather than the predominantly metal-
lig a n d back donation process implied by the s t r u c t u r e shown i n Fig. 5.3(a). 
This i s good evidence f o r the d i r e c t involvement of the nitrogen lone 
p a i r i n bonding as described above f o r a less extreme case of Fig. 5.3(b). 
The s t r u c t u r e of the 'form B' isomer i s as yet unknown, though the 
s i m i l a r i t y of the i n f r a r e d spectrum t o th a t of the common type i n 
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s o l u t i o n suggests t h a t the liga n d may adopt the a z a - a l l y l i c arrangement. 
No s i g n i f i c a n t broadening of the Nls or Mo3d peaks from a sample 
containing approximately equal q u a n t i t i e s of A and B isomers of 
ir-C5H5W(CO)2{(£-tolyl)2CNC(£-tolyl)2} w i t h respect to the pure B form 
was detected so i t can be c o n f i d e n t l y predicted that whatever s t r u c t u r e 
i s adopted the e l e c t r o n d i s t r i b u t i o n i s e s s e n t i a l l y the same i n both A 
and B forms. 
Si m i l a r isomeric forms are thought to e x i s t f o r the complexes 
T E - C 5 H 5 M O ( C O ) 2 { ( £ - C F 3 C 6 H 4 ) 2 C N C ( £ - C F 3 C 6 H 4 ) 2 ] (M = Mo,W). * The Mo 
compound contains approximately equal proportions of the two isomers 
and these cannot be separated by f r a c t i o n a l c r y s t a l l i s a t i o n . Broadening 
of the Mo3p and 3d peaks i s s i g n i f i c a n t , whereas the Nls peak has the 
same h a l f - w i d t h as found i n a l l other spectra (1.7-1.8 eV). This may 
be an a r t i f a c t due to d i f f e r e n t i a l charging e f f e c t s but t h i s i s 
considered t o be very u n l i k e l y since the isomers c r y s t a l l i s e as an intimate 
mixture. The d i f f e r e n c e between the higher frequency signals f o r 
the two forms i s 8 cnT* i n t h i s complex compared w i t h only ~ 3 cm * f o r 
the complex w i t h £-tolyl groups (by analagy w i t h the data from the W 
n o . 
complex which has been i s o l a t e d i n both isomeric forms). From the 
BE/v C 0 c o r r e l a t i o n ( F i g . 5.2) i t may be deduced t h a t a BE difference 
large enough to give detectable l i n e broadening would only be expected 
f o r the case where Av > 8 cm . 
PART I I 
CHAPTER VI 
SOME INVESTIGATIONS OF THE PLATINUM-ETHYLENE-HYDROGEN 
SYSTEM. 
111. 
( i ) General I n t r o d u c t i o n . 
The eventual aim of t h i s work was the examination of a t y p i c a l 
c a t a l y t i c system by ESCA i n order to assess the p o t e n t i a l of the 
technique f o r g i v i n g information on the nature of adsorbed species, 
c a t a l y t i c s i t e s , and surface coverage. The system chosen was the 
supported platinum-ethylene-hydrogen system f o r the f o l l o w i n g reasons. 
a) The platinum-olefin-hydrogen system has been extensively studied 
i n the past i n a v a r i e t y of ways, g i v i n g r i s e to a large body of 
data. 
b) The metal c a t a l y s t i n the supported st a t e i s much more amenable 
to study, i n general, than the other high surface area preparation -
the evaporated metal f i l m . I n p a r t i c u l a r , s i l i c a supported 
metals can be conveniently used f o r i . r . studies of adsorbed 
species. 
c) Platinum i s h i g h l y convenient f o r ESCA studies because of the 
high p h o t o i o n i s a t i o n cross-section of the 4f core l e v e l s . 
d) Under normal, m i l d , condi t i o n s the hydrogenation of ethylene 
over platinum i s s u p e r f i c i a l l y very simple g i v i n g ethane as the 
only product. 
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Notwithstanding t h i s l a t t e r statement, Selwood has remarked: 
"No problems i n surface chemistry have been more h o t l y debated than 
the adsorption and hydrogenation mechanisms f o r ethylene; and few 
debates have r e s u l t e d i n such meagre conclusions". This remark 
serves to i l l u s t r a t e the underlying complexity of the system. 
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The a v a i l a b l e i n f o r m a t i o n , p e r t a i n i n g mainly to the possible nature 
of the adsorbed species and the mechanism of hydrogenation i s l a r g e l y 
contained i n two thorough reviews w r i t t e n during the l a s t ten years. 
I n choosing t h i s system as being representative of the very large 
and important class of o l e f i n hydrogenation reactions catalysed by metals 
a sweeping s i m p l i c a t i o n of the number of variables i s made. Thus the 
nature of the o l e f i n (geometric and e l e c t r o n i c e f f e c t s r e l a t i n g to size 
and nature of s u b s t i t u e n t groups) i s removed from consideration together 
w i t h the attendant problems of m u l t i p l e r e a c t i o n pathways and the reasons 
f o r possible s e l e c t i v i t y (an area which has r e c e n t l y been reviewed^"*^). 
The great v a r i a t i o n i n behaviour of d i f f e r e n t metals when cat a l y s i n g a 
given reaction^""^ i s s i m i l a r l y bypassed. Even so, the single metal 
has been used to carry out the re a c t i o n i n a v a r i e t y of forms: ( i ) macro-
scopic forms (wires, f o i l s , granules); ( i i ) microscopic forms (powders 
by chemical r e a c t i o n , smokes, s k e l e t a l powders, c o l l o i d a l suspensions, 
blacks, condensed metal f i l m s ) ; ( i i i ) supported forms, where the metal 
i n varying concentrations i s dispersed to a varying degree i n another more 
or less i n e r t substance ( u s u a l l y an i r r e d u c i b l e metal oxide or s a l t ) . 
Within each category there i s scope f o r i n f i n i t e v a r i a t i o n . Even w i t h 
metal i n simple wire form the exact surface s t r u c t u r e w i l l depend on 
the precise m e t a l l u r g i c a l h i s t o r y of the sample and i t i s f a c t o r s such 
as t h i s which bedevil the achievement of r e p r o d u c i b i l i t y of behaviour 
i n r e a c t i o n systems catalysed by metals. 
Owing to t h i s wide v a r i a t i o n i n the form and method of preparation 
of c a t a l y s t s used f o r i n v e s t i g a t i o n s of the system to be considered i t 
i s d i f f i c u l t to estimate the r e l i a b i l i t y of comparing data from studies 
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i n v o l v i n g d i f f e r e n t experimental techniques. I t i s also a feature of 
surface studies i n general, and c a t a l y s t studies i n p a r t i c u l a r , t h a t 
because of the complexity of methods and instrumentation involved i t i s 
uncommon f o r data to be derived from a s i n g l e system by more than one 
technique. Thus i t was considered necessary to characterise the c a t a l y s t 
to be used f o r ESCA studies by applying the most commonly used techniques 
to a study of i t s behaviour i n the system w i t h ethylene and hydrogen. These 
techniques are: 
( i ) d e r i v a t i o n of k i n e t i c parameters e.g. orders of reaction and 
a c t i v a t i o n energies, 
( i i ) i n v e s t i g a t i o n of the p a t t e r n of deuteration of product ethanes* 
and deuterium i n c o r p o r a t i o n i n the ethylene s t a r t i n g m a t e r i a l i n the 
re a c t i o n of ethylene w i t h deuterium, using mass spectrometry, 
( i i i ) transmission i . r . studies of chemisorbed species produced by ethylene 
adsorption and t h e i r r e a c t i o n w i t h hydrogen. 
Hopefully, a f u r t h e r outcome of these studies would be an i n d i c a t i o n of 
the r e l i a b i l i t y of data using these techniques w i t h d i f f e r e n t c a t a l y t i c 
preparations. 
I n the f o l l o w i n g sections of t h i s chapter the experimental procedures 
are described and the r e s u l t s obtained using each technique discussed i n 
conjunction w i t h r e l a t e d data published by other workers. 
I n the f o l l o w i n g discussion ethane i s used as the generic term 
for the various deuterated ethanes ( C2 H n D6-n^* 
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( i i ) K i n e t i c Studies 
(a) Experimental. 
The apparatus consisted of two d i s t i n c t sections: (1) the vacuum-
l i n e / r e a c t i o n vessel system and (2) the glc separation and detection 
system. 
The vacuum-line/reaction vessel system 
This i s shown dia g r a m a t i c a l l y i n Fig. 6.1. The apparatus, w i t h 
the exception of the c a l i b r a t e d leak valve, was of a l l glass construction. 
Greased taps were kept to a minimum to avoid sample contamination as f a r 
as possible; Young valves were consequently p r e f e r r e d as the standard tap. 
Gas pressures between 1-760 t o r r were measured by means of a mercury 
manometer and from 1-10 ^ t o r r by means of a Penning gauge. The pumping 
system consisted of a conventional two-stage set-up comprising a r o t a r y 
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pump capable of g i v i n g a backing pressure of < 10 t o r r w i t h l i q u i d 
i n the cold traps and a mercury d i f f u s i o n pump capable of reaching 
< 10 ^  t o r r . F u l l d e t a i l s of the equipment are given at the end of t h i s 
section. 
The r e a c t i o n system, o v e r a l l capacity ~ 200 ml, consisted of a 
c y l i n d r i c a l pyrex glass r e a c t i o n vessel, attached to the l i n e through 
a water-cooled B-24 greased j o i n t , w i t h a thermal cycle loop of 2mm 
glass tubing. The limb of t h i s loop f u r t h e s t from the reac t i o n vessel was 
wound over i t s length w i t h heating tape and i t s temperature maintained 
at ~ 120°C to a s s i s t d i f f u s i o n o f reactants and products around the system 
and to ensure sample homogeneity. Over the temperature range used f o r 
reactions no problems of sample inhomogeneity arose ( t o t a l gas pressures 
were r a r e l y greater than 200 t o r r ) , the system having been w e l l tested 
115-
"D 
O 
O) 
If) 
00 
0) 
> —c Q: t/j 
i 
i i ^2 it 
CO 
LU 
CD 
116. 
i n i t i a l l y w i t h H^/CO^ mixtures, at various temperatures and pressures, 
w i t h t h i s f a c t o r i n mind. 
Reactant gases could be added to the vessel i n sequence, using the 
c a l i b r a t e d leak valve, or premixed by expansion i n t o the vessel from the 
vacuum l i n e . The reaction temperature ( i f above ambient) could be 
regulated by means of a furnace designed to f i t around the r e a c t i o n 
vessel almost up to the water-cooled connecting j o i n t . A 'Eurotherm' 
c o n t r o l l e r was used to c o n t r o l the temperature of the furnace and the 
r e a c t i o n vessel temperature measured accurately by use of a chromel-
alumel thermocouple, fastened against i t s base ( i e by the c a t a l y s t ) , w i t h 
a 'Coprico'potentiometer. Temperatures below ambient were achieved by 
placing a slush bath, at the required temperature, around the reaction 
vessel - the exact temperature being measured i n the same way. 
Sampling to the glc system was c a r r i e d out d i r e c t l y through a 
2ml Pye sample valve connected to the r e a c t i o n vessel system as shown i n 
Fig. 6.1 and, i n more d e t a i l , i n Fig. 6.2. By means of the two-way tap 
the sample loop could be evacuated ( t o < 10 t o r r ) v i a the vacuum l i n e 
and then f i l l e d by connection to the r e a c t i o n vessel. The dead space 
between the two-way tap and the sample loop was reduced to ~ 1 ml by 
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using c a p i l l a r y glass tubing of minimal length and a Pye / 1 6 " / c a p i l l a r y 
connection to e f f e c t the glass-sample valve union. The union was made 
vacuum t i g h t by enc apsulation i n ' g l y p t o l 1 , 
glc separation and detection. 
The glc system i s shown schematically i n F i g . 6.3. The column 
used f o r separating the ethane product from unreacted hydrogen and 
ethylene was V x /16" of s i l i c a g e l l (B.D.H. chromatographic grade, 
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60-120 mesh). The pressure drop across t h i s column was very small 
so by adopting the c o n f i g u r a t i o n shown (F i g . 6.3), v i z . passing the 
c a r r i e r stream (He) through the reference side of the katharometer 
detector before sweeping the sample and thence through the detection 
side, the necessity of balancing colums was obviated. The two 
operating modes of the sample valve, chosen simply by a two-position 
switch are shown schematically i n Fig. 6.4. 
I t i s customary i n such glc systems to incorporate both column 
and katharometer i n the same oven. The m i c r o c a t a l y t i c equipment used 
(see below) was i d e a l i n most respects f o r the chosen a p p l i c a t i o n but 
required a c a p i l l a r y column. Consequently the column was housed i n a 
separate oven to that containing the microkatharometer, the distance 
between the two being kept to a minimum w i t h i n the constraints of the 
apparatus geometry ( < 30 cms of s t a i n l e s s s t e e l c a p i l l a r y t u b i n g ) . 
An advantage so gained was the freedom to run the katharometer at i t s 
optimum temperature f o r s e n s i t i v i t y while maintaining the column at i t s 
optimum temperature f o r separation of components i n the gas stream. 
Using a He f l o w - r a t e of 20 mls/min (pressure = 5 p . s . i ; ) as 
recommended f o r the equipment the other variables f o r the column 
(length and temperature) were chosen so t h a t : (1) the separation between 
e l u t i o n times f o r C0H, and C0H. was great enough to allow e f f i c i e n t 
trapping of both f r a c t i o n s separately (necessary f o r the mass spectrometric 
work described i n Section ( i i i ) ) but (2) the t o t a l e l u t i o n time was 
< 10 mins so that sampling could be reasonably frequent. Consequently 
a V x ^/16" s i l i c a column, as described above, was operated at 45°C. 
A t y p i c a l record of the separation properties of t h i s system i s shown 
i n Fig. 6.5. 
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By placing known pressures of a gas i n the reaction vessel and 
measuring the height of the recorded peaks, c a l i b r a t i o n curves f o r 
peak height vs. p a r t i a l pressure of H^, C^ H^  and C^ H^  i n the system 
were constructed. Reactions were studied by monitoring the formation 
of ethane and d e r i v i n g i n i t i a l rates of reaction. I n most cases the 
p a r t i a l pressure region of the c a l i b r a t i o n curve used f e l l on the i n i t i a l 
l i n e a r p o r t i o n so that graphs of the ethane peak height against time 
could be used d i r e c t l y to derive i n i t i a l r a t e parameters (see l a t e r ) . 
Repeated samples gave h i g h l y reproducible glc peaks ( t o w i t h i n 1%); since 
the sample taken was only ~ 1% of the t o t a l and usually no more than f i v e 
samples were taken i n any given run, the e f f e c t s of sample removal on 
subsequent c a l c u l a t i o n s was ignored. 
Equipment d e t a i l s : 
Rotary pump - A.E.I. 'Metrovac 1 type. 
D i f f u s i o n pump - Edwards 1Speedivac' (Hg) type. 
Gas sample valve - Pye Series 104 (2 ml capacity). 
Katharometer - Servomex Microkath. Mk 158. 
Katharometer oven - Servomex 1.0. 199. 
Oven c o n t r o l l e r - Servomex T.C. 201. 
Katharometer bridge c o n t r o l - Servomex G.C. 197. 
Column oven - G r i f f i n and George glc oven. 
Recorder - Honywell (Brown E l e c t r o n i k ) chart recorder, model 64B. 
Reactants. 
Ethylene ( B r i t i s h Oxygen Corp. C.P. grade) was t r a n s f e r r e d d i r e c t l y 
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from a cy l i n d e r to a storage bulb, previously evacuated to 10 t o r r , 
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and thoroughly degassed by several freeze-pump-thaw cycles but not 
otherwise p u r i f i e d . Hydrogen (B.O.C., C.P. grade) was s i m i l a r l y stored 
and maintained at l i q u i d n i t rogen temperature so that when admitted to 
the r e a c t i o n vessel any p o s s i b i l i t y of contamination by trace amounts of 
water was g r e a t l y reduced. Both reactants, as used, were shown to be 
i m p u r i t y free by g l c and mass s p e c t r a l analyses. Ethane (Matheson C.P. 
grade) used f o r c a l i b r a t i o n purposes was treated i n exactly the same way 
as the ethylene and s i m i l a r l y shown to be i m p u r i t y free w i t h i n the l i m i t s 
of detection. Oxygen (B.O.C. , C.P. grade) used f o r c a t a l y s t pretreatment 
was s i m i l a r l y stored but not otherwise treated. 
The c a t a l y s t . 
The m a t e r i a l to use as the platinum support was d i c t a t e d by the wish 
to perform i n f r a r e d studies of hydrocarbon species adsorbed on the c a t a l y s t . 
S i l i c a , by v i r t u e of i t s high transmission p r o p e r t i e s , i s i d e a l l y suited 
f o r t h i s r o l e . Of the many v a r i e i t e s of s i l i c a produced, ' A e r o s i l 1 
(Bush, Beech and Bailey Ltd.) was chosen because of i t s p a r t i c u l a r l y high 
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transmission p r o p e r t i e s f o r i n f r a r e d , i t s high surface area (380m gm ) 
and because, even when loaded w i t h q u i t e high percentages of metal, i t can 
r e a d i l y be pressed i n t o t h i n discs which are reasonably robust. 
Because of the v a r i e t y of studies to be performed on the c a t a l y s t , 
the precise metal loading was subject to several considerations. For a l l 
i n v e s t i g a t i o n s a high dispersion (aided by the high surface area of the 
chosen support) was desirable. For ESCA work as high a loading as possible 
was required to give at least adequate sp e c t r a l i n t e n s i t i e s . For IR work 
a balance had to be struck between s u f f i c i e n t surface area of metal to 
adsorb enough m a t e r i a l to give adequate IR bands ( i n the C-H s t r e t c h region) 
and the competing loss of transmission w i t h increase i n metal concentration. 
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From t h i s l a s t consideration the upper l i m i t to metal loading i s probably 
~ 15%,^""^ wh i l e f o r c a t a l y s t s prepared by c h l o r o p l a t i n i c acid 
impregnation and reduction the achievable dispersion begins to l e v e l o f f 
158 
above ~ 10%. A 12% Pt/SiO^ c a t a l y s t was therefore prepared and found 
to have good prop e r t i e s f o r IR work and acceptable Pt4f peak i n t e n s i t i e s 
(from ESCA) i n p r e l i m i n a r y i n v e s t i g a t i o n s . 
The s t r u c t u r e and a c t i v i t y of supported metal c a t a l y s t s has been 
extensively studied by Moss and co-workers w i t h p a r t i c u l a r reference to 
the Pt/SiO^ system ( r e f s 158,159 and r e f s contained t h e r e i n ) . This work 
has r e s u l t e d i n q u i t e d e t a i l e d understanding of those factors which influence 
the c h a r a c t e r i s t i c s of the c a t a l y s t during preparation and subsequent use, 
and has established r e l i a b l e 'recipes 1 f o r obtaining c a t a l y s t s w i t h 
maximum dispersion (minimum c r y s t a l l i t e size) f o r a given metal 
concentration. The f o l l o w i n g method of preparation of the c a t a l y s t used • i • v A <-u A - 158,159 i n t h i s work i s based on these data. 
Catalyst preparation 
1 gm of c h l o r o p l a t i n i c acid, H^PtCl^.xH^O (Johnson-Mathey, stated 
40% Pt) was dissolved i n approximately 5 ml d i s t i l l e d water i n an evaporating 
basin. 2.93gm A e r o s i l SiC^ were added and the whole s t i r r e d while slowly 
evaporating o f f the excess water. The remaining dry powder (pale yellow) 
was d r i e d i n an a i r oven (~ 110°C) f o r 23 hrs. and reduced i n a 1% #2^2 
stream f o r 2 hrs. at 150°C during which the powder turned yellow-brown 
and then black. When reduction appeared complete the c a t a l y s t was f u r t h e r 
treate d w i t h flowing ^ ( p u r e ) f o r 30 mins at the same temperature. 
Analysis of the product gave a Pt content of 12.2%. Electron micro-
graphs revealed a mean Pt c r y s t a l l i t e size of ~ 5oR and the t o t a l c a t a l y s t 
surface area was found to be 330 m gm by the nitrogen adsorption method. 
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Description of experiments and r e s u l t s 
There have been two previous r e p o r t s 1 6 0 ' 1 ^ 1 of the main k i n e t i c 
parameters f o r ethylene hydrogenation over supported platinum. I n both 
cases the r e a c t i o n was followed by noting the change i n t o t a l pressure 
macrometrically (possible mercury poisoning of the c a t a l y s t was stated 
not to be a problem). Reactants were usually added consecutively, ethy 7 .me 
f i r s t , though the order was found not to a f f e c t the c a t a l y s t ' s performance. 
The r e s u l t s obtained were: 
1) -dp/dt = k[H 2] 1- 2[C 2H 4]"°' 5 
(E = 9 . 9 + 0 . 5 Kcal mole" (T = 0-50°C) ( r e f 160) a — 
2) -dp/dt = k [ H 2 ] 1 - 0 [ C 2 H 4 r ° - 3 
(E = 1 5 + 2 Kcal mole" 1 (T = 0-40°C) ( r e f 161) a — 
No comment has been made by the common authors on the s i g n i f i c a n t differences 
these r e s u l t s which indicates the necessity f o r a closer re-examination of 
the system. 
For k i n e t i c work the 12% P t / S i 0 2 c a t a l y s t was f a r too active so two 
d i l u t e forms were prepared by gri n d i n g the c a t a l y s t w i t h the required amount 
of support m a t e r i a l ( A e r o s i l ) to give d i l u t i o n s of x 20 and x 50 
respectively. 
The procedures described f o r the above determinations were cl o s e l y 
followed i n a series of pr e l i m i n a r y experiments. The c a t a l y s t ( t y p i c a l l y 
10 mgms of the 20 x d i l u t e d batch) was reduced i n s i t u using 50 t o r r H 2 
f o r 30 mins at 200°C. A f t e r evacuation to ~ 10 5 t o r r and the r e t u r n 
to room temperature a known pressure of ethylene was added, followed by 
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hydro 0en a d d i t i o n v i a the leak valve. The reac t i o n was followed as 
described above. Reproducible behaviour under i d e n t i c a l s t a r t i n g 
conditions could not be achieved, i r r e s p e c t i v e of whether the c a t a l y s t 
was merely evacuated or re a c t i v a t e d by heating i n H„ between runs. 
I f the system was only evacuated between runs then the a c t i v i t y , as 
measured by the i n i t i a l r a t e of ethane production, f e l l s ystematically. 
I n order to remove the p o s s i b i l i t y t h a t p r i o r exposure to ethylene 
might cause c a t a l y s t poisoning the remaining experiments were performed 
using the technique of premixing the reactants i n the desired r a t i o and 
expanding them i n t o the evacuated reaction vessel. 
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I t has been suggested t h a t observed ' a c t i v a t i o n energies' 
(E values) greater than the accepted 8-10 kcal mole"''" are to be expected a 
fo r c a t a l y s t s of low metal content used at temperatures>-80°C because 
of poisening due to the formation of c a r b i d i c residues on the metal. 
To check t h i s and to obt a i n orders of reac t i o n runs were performed on 
a d e l i b e r a t e l y deactivated c a t a l y s t . 
Determination of E f o r a deactivated c a t a l y s t a 1 — 
15 mgms of the 20 x d i l u t e d c a t a l y s t was subjected t o a series of 
runs, under the f o l l o w i n g standard conditions, u n t i l the a c t i v i t y had 
f a l l e n to the point of r e p r o d u c i b i l i t y . I n i t i a l p a r t i a l pressures were 
50 (+ 2) t o r r of C^ H^  and and the r e a c t i o n temperature gradually raised 
to 60°C, as the a c t i v i t y f e l l , to give conveniently measurable rates. 
When the a c t i v i t y was constant a series of standard runs was c a r r i e d out 
at various temperatures between 60-120°C. A f t e r each run the temperature 
was s t a b i l i s e d at that to be used f o r the next run before evacuating 
the vessel to 10"^ t o r r . A blank run on 17 mgms of pure A e r o s i l under 
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the same conditions, apart from higher temperature (150°C), gave an 
ethane peak on the glc recorder j u s t detectable ( « 1% conversion) 
a f t e r 3.5 hrs. Any c o n t r i b u t i o n to the c a t a l y s t a c t i v i t y from the 
support can, ther e f o r e , be completely neglected under any of the 
conditions used i n these experiments. Typical p l o t s of increase i n 
ethane p a r t i a l pressure w i t h time are shown i n Fig. 6.6; 
ex t r a p o l a t i o n of the p l o t to zero p a r t i a l pressure does not coincide 
w i t h zero time because: ( i ) the onset of reac t i o n does not coincide 
w i t h the a r b i t r a r y t = 0 chosen (the time of opening the tap f o r 
expansion i n t o the re a c t i o n v e s s e l ) , ( i i ) the time f o r product to d i f f u s e 
i n i t i a l l y to the sample valve region i s f i n i t e and ( i i i ) there may 
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i n any case be a s i g n i f i c a n t i n d u c t i o n period. The observed i n i t i a l 
rates (k t o r r (C^H^) min ) f o r the various temperatures are shown i n 
Table 6.1. 
T(°K) 1000/T (deg" 1) 10k(torr min ^) In(10k) 
343 2.92 0.533 -0.629 
357 2.80 1.91 0.647 
369 2.71 4.95 1.599 
378 2.64 9.72 2.274 
392 2.55 30.0 3.401 
TABLE 6.1 
An Arrhenius p l o t of ln(10k) vs 10 /T gives a good s t r a i g h t l i n e 
3 - 1 -1 whose slope (-E /R) = 10.6 x 10 deg (Fig. 6.7). Hence E = 21 kcal mole . a a 
The e r r o r , a r i s i n g mainly from accuracy of i n i t i a l pressure measurement 
and unc e r t a i n t y i n actual c a t a l y s t temperature i s estimated to be < 5%, 
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g i v i n g = 21 + 1 kcal mole . This 
much higher than ( a t least double) the 
mentioned above. The reasons f o r t h i s 
below. 
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value i s , as a n t i c i p a t e d , 
accepted value of ~ 9 kcal mole 1 
are discussed i n section ( i ) c 
Determination of orders of reac t i o n f o r a deactivated c a t a l y s t 
( i ) Order i n H 2 # 
The same c a t a l y s t charge as used above was retained f o r a series 
of runs at 60°C. The ethylene p a r t i a l pressure was kept constant at 
5 3 + 1 t o r r while the hydrogen p a r t i a l pressure was va r i e d from 
20-160 t o r r . The system was merely evacuated between runs to 10 "*torr, 
the runs being performed i n random order to obviate trends (such as 
the continuing very slow loss of c a t a l y s t a c t i v i t y ) . I n i t i a l r a t e p l o t s 
were obtained d i r e c t l y i n terms of C^ H^  glc peak height ( a t these 
low pressures, p r o p o r t i o n a l to p a r t i a l pressure). The r e s u l t s are 
shown in Table 6.2. 
run no. k ( a t o r r min ) log k P H 2 ( t o r r ) log PH2 
3 1.11 0.0453 28 1.447 
1 2.06 0.314 55 1.740 
5 2.99 0.476 76 1.881 
2 4.13 0.616 114 2.057 
4 5.57 0. 746 160 2.204 
TABLE 6.2 
A p l o t of log k vs log PH2 gives a good s t r a i g h t l i n e (Fig. 6.8) 
of slope 1.0 + 0.05, the order of re a c t i o n i n H 
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( i i ) Order i n C^ H^ , 
This time the p a r t i a l pressure o f hydrogen was kept constant at 
~ 50 t o r r while the ethylene p a r t i a l pressure v a r i e d between 20-150 t o r r . 
A l l reactions were c a r r i e d out as above, i n random order, at 60°C. I t 
was found d i f f i c u l t , because of the premixing method used, to achieve 
the requirement of constant p a r t i a l pressure w i t h great accuracy. 
However, t h i s was corrected f o r by taking i n t o account the e f f e c t of 
t h i s v a r i a t i o n (assuming order i n H 2 = 1.0 as found) on the i n i t i a l 
r a t e . Table 6.3 gives the i n i t i a l r a t e data (k a t o r r min and the 
c a l c u l a t e d values adjusted to PH = 50 t o r r ( k 1 ) . 
run no. P H 2 ( t o r r ) k k f log k 1 P C 2 H 4 ( t o r r ) log P C 2H 4 
1 57 2.14 1.88 0.274 28 1.447 
3 52 1.64 1.58 0.199 84 2.068 
4 52 1.48 1.42 0.149 117 1.924 
2 45 1.33 1.48 0.170 148 2.1/0 
TABLE 6.3 
A p l o t of log k 1 vs. log P C 2 H4 i s s h o w n i n F i8» ^.8. A rough 
s t r a i g h t l i n e through the points has a slope of 0.2. This r e s u l t 
i s h i g h l y uncertain and probably r e f l e c t s the poisoning action of high 
ethylene p a r t i a l pressures plus the magnification of the PH2 c o r r e c t i o n 
i n log k'. The order i n i s thus -0.2 + 0.1. 
The r a t e equation i s thus: r a t e = k [ H 2 ] 1 # °[C2U^]~°' 2 which i s 
i n good agreement w i t h the above mentioned r e s u l t of Bond and co-workers 
f o r Pt supported on a l u m i n a , 1 6 1 the l a t t e r also having a hi g h l y uncertain 
value f o r the order i n C 2H 4(-0.3 ± 0.1). Both sets of data d i f f e r from the 
e a r l i e r r e s u l t s of B o n d 1 6 0 and w i l l be discussed f u r t h e r below. 
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I n v e s t i g a t i o n of c a t a l y s t regeneration methods 
The p r e l i m i n a r y k i n e t i c studies described above revealed the 
i n a b i l i t y of t r a d i t i o n a l hydrogen reduction methods to restore the 
l o s t a c t i v i t y observed a f t e r a k i n e t i c run. Such methods have been used 
i n i . r . work (see Section ( i v ) ) to provide 'clean' metal surfaces by 
removal of surface c a r b i d e - l i k e residues l e f t a f t e r hydrocarbon 
adsorption. The need to f i n d a surface cleaning treatment f o r ESCA work 
being e s p e c i a l l y important, i t was decided t h a t an i n v e s t i g a t i o n of the 
p o s s i b i l i t y of burning o f f c a r b i d i c residues w i t h oxygen would be 
worthwhile. 
The c a t a l y s t charge which had been used f o r a l l the above k i n e t i c 
parameters i n v e s t i g a t i o n s was retained and treated as fol l o w s . F i r s t l y , 
the c a t a l y s t was heated under 200 t o r r 0^ f o r 1 hr. at 200°C and then 
evacuated ( a t 200°C) to < 1 0 ~ \ o r r . Secondly, i t was treated under 
equivalent conditions w i t h ( t o remove adsorbed 0^) and evacuated. 
T h i r d l y , i t was allowed to cool to23%under 50 t o r r of fresh and 
f i n a l l y evacuated, A run under standard conditions (50 t o r r of each 
reactant at room temperature) gave a dramatic increase i n rate over that 
previously observed. A repeat r e a c t i o n a f t e r evacuation had an i n i t i a l 
r a t e some 40% lower and a f u r t h e r run a f t e r 0 2/H 2 regeneration at 200°C, 
as before, gave a rat e which was too f a s t to measure properly. Using a 
fresh charge of 5mgms of 50 x d i l u t e d 12% Pt/SiO^ and performing repeat runs 
i t was found that the regeneration procedure c a r r i e d out at 300°C was 
capable of completely r e - a c t i v a t i n g the c a t a l y s t (only 50 t o r r of 0 2/H 2 
was now used i n the consecutive treatments). 
The actual a c t i v i t y was now probably a fu n c t i o n of the achievable 
vacuum (> 10" 6 t o r r ) and f l u c t u a t e d about a high mean value to the extent 
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that a redetermination of the orders of reac t i o n was not possible under 
the conditions previously employed. However, an approximate value 
f o r the a c t i v a t i o n energy was attempted. 
Determination of f o r a 'clean' c a t a l y s t . 
5 mgms of 50 x d i l u t e d c a t a l y s t was pretreated as above and s i m i l a r l y 
t r e a t e d i n between subsequent runs, the c a t a l y s t being allowed to reach 
the required temperature while standing under 50 t o r r of fresh H^ . 
I n a l l runs the i n i t i a l p a r t i a l pressures were 5 0 + 2 t o r r i n each 
reactant the temperatures used covering 0-50°C i n random order. Relative 
i n i t i a l rates (k) based on increase i n C^ H^  peak height w i t h time 
( a t o i r m i n ^) are shown i n Table 6.4. 
run no. T°K 1000/T deg" 1 k ( a t o r r min ^) Ink 
2 273 3.66 0.35 -1.05 
4 283 3.535 0.62 -0.48 
1 295 3.39 1.65 0.50 
6 296 3.38 2.32 0.84 
3 308 3.24 4.8 1.57 
5 319 3.14 13.6 2.61 
TABLE 6.4 
An Arrhenius p l o t of Ink vs. 10 /T gave a reasonable s t r a i g h t l i n e 
3 
(Fig. 6.9) of slope - 6.4 x 10 deg. 
E - _ x 
- — = -6.4 x 10 or E 12.8 kcal mole 
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The s c a t t e r of the p l o t i s greater than i n the previous one 
(F i g . 6.7) because of the previously found d i f f i c u l t y w i t h 
r e p r o d u c i b i l i t y (eg runs 1 and 6 i n Table 6.4) and because the much 
fa s t e r r a t e of r e a c t i o n leads to greater e r r o r s due to the s e n s i t i v i t y 
to sample removal timing and the estimation of i n i t i a l r a t es. From 
the graph E = 13 + 2 kcal mole" 1, which i s lower than the value a — 
obtained from the deactivated c a t a l y s t by ca. 8 k c a l mole" 1. 
(c) Discussion. 
Since the completion of t h i s work, new data on the Pt/SiO^-
162 
ethylene-hydrogen system has been published by Schlatter and Boudart. 
These authors also found great v a r i a t i o n s i n a c t i v i t y of the c a t a l y s t s 
used depending on the pretreatment conditions and ascribed t h i s to 
the presence of carbonacious m a t e r i a l i n the support m a t e r i a l (SiO^) 
which could desorb during reductive treatment to be readsorbed 
by the Pt, w i t h poisoning e f f e c t s . The work had also been c a r r i e d out 
p a r t l y to check the reported value of E , f o r t h i s same rea c t i o n , of 
a 1 163 17-20 k c a l mole" by S i n f e l t and Lucchesi which seemed anamalously 
high. Using low temperatures f o r reactions (-50°C) and hydrogen 
pretreatment S c h l a t t e r and Boudart obtained E values of ca. 9 k c a l mole r a 
and zero order dependence on ethylene p a r t i a l pressure. Deactivation 
during runs was not found to be s i g n i f i c a n t e i t h e r . However, they 
also found t h a t t r e a t i n g the c a t a l y s t w i t h a i r at 300°C p r i o r to a 
run always gave a marked increase i n a c t i v i t y (measured i n terms of 
the turnover number, N ) which they concluded was the r e s u l t of 
removal of the support contamination mentioned e a r l i e r , A value of 
Nfc (the number of ethylene molecules converted per surface Pt 
atom per sec.) was quoted f o r standard conditions of 23 t o r r C^ H^  
and 152 t o r r H 2 f o r a 0.05% P t / S i 0 2 c a t a l y s t ( a i r treate d at 300°C) 
at 25 C of 4.92 sec , Unfortunately, the metal surface area 
of the c a t a l y s t used i n the work described here has not been 
measured so a value f o r the turnover number cannot be calculated 
accurately. However, an approximate minimum value can be estimated 
assuming 100% dispersion. For the standard pressures used by 
162 _ ^  Sc h l a t t e r and Boudart the r e s u l t i s 4 sec (see Appendix I 
f o r the c a l c u l a t i o n ) at 23°C. Since the actual dispersion w i l l be 
somewhat lower than 100% i t i s obvious that the two r e s u l t s are i n 
close agreement; i t i s also worth noting that they are comparable 
to the values obtained from Pt f i l m s (Beeck, unpublished work 
quoted i n r e f 162) - a r e s u l t long a n t i c i p a t e d 1 ^ but not previously 
observed i n p r a c t i c e f o r t h i s system. 
The marked drop i n a c t i v a t i o n energy noted f o r the oxygen 
t r e a t e d c a t a l y s t i s i n accord w i t h the above mentioned conclusions 
of S c h l a t t e r and Boudart concerning the e f f e c t of inherent poisons 
on the c a t a l y s t . Whereas a value of 21 k c a l mole 1 f o r the 
d e l i b e r a t e l y deactivated c a t a l y s t compares w i t h 17-20 kc a l mole 1 
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reported by S i n f e l t and Lucchesi f o r an u n i n t e n t i o n a l l y 
contaminated c a t a l y s t , the much lower value of 13 k c a l mole 1 f o r 
the 'clean 1 (oxygen pretreated) c a t a l y s t compares w i t h values ranging 
from 9-11 k c a l mole" 1 quoted i n ref 162. I t i s worth noting t h a t 
these l a t t e r values were fr e q u e n t l y obtained at much lower temperatures 
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(-80° to 0°C) under which conditions poisening of the Pt e i t h e r by 
t r a n s f e r of contaminants from the support m a t e r i a l or from r e t e n t i o n 
of e t h y l e n i c residues would be expected to be reduced, leading to 
lower values. I t seems l i k e l y t h a t the negative orders i n C^ H^  
f o r the re a c t i o n accompany use of a contaminated c a t a l y s t not at 
low ( < -50°C) t e m p e r a t u r e s . 1 6 0 " 1 6 2 On the other hand t h i s work 
demonstrates t h a t even f o r a 'clean' c a t a l y s t the a c t i v i t y drops 
during a run at room temperature by about 40% and that high temperature 
treatment i s incapable of r e s t o r i n g the o r i g i n a l a c t i v i t y . I t i s 
suggested that t h i s i s due to poisoning of Pt s i t e s by ethylenic 
residues and t h i s i s i n accord w i t h recent r e s u l t s obtained from 
radiochemical stu d i e s 1 6 * * 1 6 ^ on the behaviour of ethylenic species 
ret a i n e d by supported Pt. 
Discussion of the mechanistic i m p l i c a t i o n s of t h i s k i n e t i c data 
i s deferred u n t i l Sectionv , while the relevance of oxygen cleaning 
treatments to the questions of p a r t i c l e size and support e f f e c t s i s 
f u r t h e r discussed i n conjunction w i t h mass spectrometric r e s u l t s 
i n the next section ( i i i e ) . 
( i i i ) Mass Spectrometric studies of ethylene deuteration. 
(a) I n t r o d u c t i o n . 
Early use of deuterium enriched hydrogen as a t r a c e r f o r 
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i n v e s t i g a t i n g the mechanism of ethylene hydrogenation over Ni ' 
ind i c a t e d that exchange processes ocurred concurrently w i t h the a d d i t i o n 
r e a c t i o n but the a n a l y t i c a l probe used (thermal c o n d u c t i v i t y 
measurements on the 'hydrogen' gas) permitted only a determination of 
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the average D-content of the products. The use of i . r . to study 
deuterium d i s t r i b u t i o n s i n the products gave a d d i t i o n a l information 
but had l i m i t e d s e n s i t i v i t y and a p p l i c a t i o n . 1 ^ 0 The technique 
of using pure and measuring deuterium d i s t r i b u t i o n s by mass 
spectrometry found i t s f i r s t a p p l i c a t i o n i n the study o f ethylene 
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'hydrogenation* (over Ni) i n 1950 w i t h s i m i l a r studies of metal 
catalysed o l e f i n deuteration q u i c k l y f o l l o w i n g . 1 ^ ° * The 
technique has been extensively used t o study exchange of hydrocarbons 
w i t h over metals, an area r e c e n t l y reviewed.1''"* 
There have been only two such s t u d i e s 1 ^ 0 ' 1 ^ 1 of the deuteration 
and exchange of ethylene over Pt c a t a l y s t s . The f i r s t 1 * * 0 involved a 
study of the r e a c t i o n over various types of supported Pt. Samples were 
analysed, at e i t h e r 50 or 100% conversion, by brominating part of the 
sample ( t o remove ethylenes) and analysing both parts t o obtain the 
ethane d i s t r i b u t i o n s d i r e c t l y and the ethylenes by di f f e r e n c e . The 
second 1^ 1 used a Pt/Al^O^ c a t a l y s t w i t h the less crude a n a l y t i c a l 
procedure of separating the products by glc and analysing ethanes and 
ethylenes separately. The aim of the work described below was to check 
the r e p r o d u c i b i l i t y of these data and ho p e f u l l y to extend the method 
to acquire new data to help w i t h mechanistic i n t e r p r e t a t i o n s . 
(b) Experimental 
The apparatus described above was modified so th a t the ethane 
and ethylene f r a c t i o n s could be c o l l e c t e d a f t e r glc separation f o r 
analysis by mass spectrometry, as shown schematically i n Fig. 6.3. 
The 'U' tube traps were constructed from 1 mm c a p i l l a r y tubing, to 
ensure r a p i d f l u s h i n g by the He c a r r i e r gas, w i t h a t o t a l length 
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between two 2mm taps o f ca. 30cm. Each c a r r i e d anS.13 socket f o r 
r a p i d c o n n e c t i o n to a S.13 b a l l j o i n t f i x e d t o the o u t l e t 
( 1 mm s t a i n l e s s s t e e l c a p i l l a r y t u b i n g ) f r o m t h e katharometer. Since 
two f r a c t i o n s were c o l l e c t e d from each g l c sample b o t h 'U1 tubes were 
He f l u s h e d and by p l a c i n g a 1Dewar' o f l i q u i d around a t r a p about 
30 sees b e f o r e a f r a c t i o n emerged from the g l c column each f r a c t i o n 
c o u l d be c o l l e c t e d w i t h v e r y h i g h e f f i c i e n c y , i n a separate tube, 
w i t h o u t any c o n t a m i n a t i o n from the o t h e r f r a c t i o n . The c o l l e c t e d 
f r a c t i o n s c o u l d be k e p t a i r - f r e e f o r c o n s i d e r a b l e p e r i o d s a t ~196°C 
(Apiezon 'N* b e i n g used t o grease the taps o f the 'U' tubes) b u t i n 
p r a c t i c e were analysed w i t h i n an hour. D^(Matheson C.P. grade) was 
used as d e s c r i b e d above f o r H^. 
The Edwards mass spectrometer used f o r the a n a l y s i s was a l r e a d y 
s e t up t o f o l l o w s t a t i c r e a c t i o n s d i r e c t l y v i a a c a p i l l a r y l e a k from 
a r e a c t i o n vessel/vacuum l i n e system. T h i s was m o d i f i e d so t h a t the 
c o n t e n t s o f a 'U1 tube c o u l d be expanded i n t o a s m a l l volume adjacent 
t o the c a p i l l a r y l e a k through anS.13 b a l l j o i n t t o which the 'U1 tube 
t r a p s c o u l d be r e a d i l y a t t a c h e d as p r e v i o u s l y d e s c r i b e d . The l e a k r a t e 
i n t o t he mass spectrometer was about 5%/hr. The advantages o f t h i s 
method o f c o l l e c t i n g and a n a l y s i n g samples over o n - l i n e gle/m. s. a r e : 
( 1 ) the o p p o r t u n i t y t o perform repeated slow scans t o g i v e g r e a t e r 
accuracy and ( 2 ) the sample i s homogeneous; t h i s may n o t be the 
case w i t h gle/m.s. i f t h e r e i s some s e p a r a t i o n o f the d i f f e r e n t 
i s o t o p e s d u r i n g g l c . T h i s f a c t o r a l s o leads t o h i g h e r accuracy. 
( c ) A n a l y s i s 
A n a l y s i s o f b o t h e t h y l e n e and ethane samples was c a r r i e d o u t 
u s i n g 16V e l e c t r o n s . The ethane f r a g m e n t a t i o n p a t t e r n was v e r y 
s e n s i t i v e t o the f i l a m e n t c o n d i t i o n and the p r e c i s e v o l t a g e o f the 
140. 
e l e c t r o n beam, e t h y l e n e much l e s s so. T y p i c a l f r a g m e n t a t i o n 
p a t t e r n s , expressed as percentages o f the p a r e n t peak (M) were 
( a p p r o x i m a t e l y ) : 
30 29 28 27 26 
100 24 204 
2 100 1 2 
the 2% (M + 1) peak a r i s i n g from the n a t u r a l deuterium abundance. 
Hence, o n l y fragments due t o the l o s s o f one or two H/D atoms need 
t o be c o n s i d e r e d i n ethane analyses and the accuracy a t t a i n a b l e does 
n o t w a r r e n t i n c l u s i o n o f the (M + 1) c o n t r i b u t i o n . When ethane 
samples were bei n g analysed a f r a g m e n t a t i o n p a t t e r n f o r C^H^ was 
always o b t a i n e d f o r a n a l y s i s purposes. This was unnecessary f o r 
e t h y l e n e analyses but i n t h i s case, s i n c e c o n t r i b u t i o n from the p a r e n t 
peak o n l y was s i g n i f i c a n t , accuracy was much g r e a t e r and due account 
had t o be taken o f n a t u r a l d e u terium occurrance i n ^ 2^4* ^ computer 
programme was w r i t t e n t o c o n v e r t r e l a t i v e peak h e i g h t s from a sample 
o f mixed deuteroethanes i n t o the percentages o f each component. The 
t h e o r y behind t h i s and the programme i t s e l f are des c r i b e d i n Appendix I I . 
( d ) D e s c r i p t i o n o f experiments and r e s u l t s . 
A s e r i e s o f p r e l i m i n a r y experiments u s i n g a p p r o x i m a t e l y equal 
i n i t i a l p a r t i a l p ressures o f and ^2^^ (~50 t o r r ) i n d i c a t e d t h a t 
at low conversions the t r a p p e d ethane samples produced s u f f i c i e n t 
gas pressures i n the mass spectrometer f o r reasonably i n t e n s e peaks 
t o be observed and, hence, r e l i a b l e d i s t r i b u t i o n p a t t e r n s t o be 
c a l c u l a t e d . They also showed t h a t w h i l e e t h y l e n e exchange i s v e r y low 
( < 17o) the c o n c e n t r a t i o n o f e t h y l e n e - d (c H D) in c r e a s e s l i n e a r l y 
m/e 31 
C 2 H 6 2 
C 2 H 4 
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w i t h time. Because o f t h i s the ethane d i s t r i b u t i o n s measured a t 
v a r i o u s conversions between 5 and 25% were the same w i t h i n 
e x p e r i m e n t a l e r r o r . I n i t i a l d i s t r i b u t i o n s are a more s e n s i t i v e t e s t 
o f mechanism than d i s t r i b u t i o n s measured a t h i g h conversions s i n c e 
the l a t t e r r e p r e s e n t an average o f many pressure r a t i o s i f not e x a c t l y 
equal i n i t i a l l y . 
E f f e c t of p a r t i a l pressures. 
The e f f e c t o f v a r y i n g the p a r t i a l pressures o f C^H^ and D 2 
were s t u d i e d i n a s e r i e s o f runs a t 23°C u s i n g 10 mgms o f the 
50 x d i l u t e d c a t a l y s t b a t c h p r e t r e a t e d w i t h 0^, then as desc r i b e d 
above. Ethane and e t h y l e n e samples were analysed a t low conversions. 
Table 6.5. g i v e s the ethane d i s t r i b u t i o n s and Table 6.6 i n d i c a t e s the 
p r o p o r t i o n o f e t h y l e n e - d ^ i n the t o t a l e t h y l e n e samples and 
the v a l u e s n o r m a l i s e d t o 10% c o n v e r s i o n f o r comparison. 
P D 2 P C 2H 4 P D2/P C 2H 4 do d l d 2 d 3 d 4 d 5 d 6 % Conv. 
36 200 0.2 26.4 28.6 26.2 9.4 4.9 3.5 1,0 5 
45 50 0.9 14.7 30.1 29.5 12.7 7.4 3.7 1.8 11 
200 46 4.3 3.5 32.9 35.0 14.7 7.4 4.2 2.1 10 
TABLE 6.5 
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P D2/P C 2H 4 7o Conv. % e t h y l e n e - d ^ % e t h y l e n e - d ^ 
a t 10% conv. 
0.2 5 0.7 1.4 
0.9 11 0.45 0.4 
4.3 10 0.35 0.3 
TABLE 6.6 
Hence i n c r e a s i n g the i n i t i a l D^/C^H^ pressure r a t i o i n c reases 
the d e u terium i n c o r p o r a t i o n i n the p r o d u c t ethane, i e the percentages 
o f ethanes d^-d^ i n c r e a s e a t the expense o f ethane-d^. Ethylene 
exchange i s suppressed a t the same ti m e . 
E f f e c t o f temperature 
I n an e x a c t l y s i m i l a r s e r i e s o f experiments the r e l a t i v e p a r t i a l 
p ressures were k e p t t he same (P = P C^H^ = 50 t o r r ) w h i l e t h e 
r e a c t i o n temperature v a r i e d . These r e s u l t s are analagously presented 
i n Tables 6.7-8. 
T°C do d l 
% ethanes 
d 2 d 3 d 4 d 5 d 6 % Conv. 
23 14.7 30.1 29.5 12.7 7.4 3.7 1.8 11 
105 11.4 27.8 31.7 14.3 7.8 4.8 2.1 26 
152 12.6 30.7 26.4 14.8 8.4 4.9 2.2 29 
200 8.0 32.0 26.5 17.2 10.0 4.8 1.6 21 
TABLE 6.7 
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T°C 7o conv. % e t h y l e n e - d ^ % e t h y l e n e - d ^ at 10% conv. 
23 11 0.45 0.4 
105 26 4.4 1.7 
152 29 6.2 2.1 
200 21 5.7 2.7 
TABLE 6.8 
The i n c r e a s e i n temperature does n o t have a marked e f f e c t on the 
ethane d i s t r i b u t i o n s , t he percentage o f h i g h e r ethanes i n c r e a s i n g o n l y 
s l i g h t l y - p o s s i b l y as a r e s u l t o f the v e r y n o t i c e a b l e increase i n 
e t h y l e n e exchange r a t e . 
These r e s u l t s agree both q u a l i t a t i v e l y and, where comparison 
i s p o s s i b l e , q u a n t i t a t i v e l y v e r y w e l l w i t h those o b t a i n e d e a r l i e r f o r 
a Pt/SiO^ c a t a l y s t . ^ ® The o n l y discrepancy i s the r a t h e r h i g h 
percentages o f ethane-d^ found i n the l a t t e r work b u t t h i s c o u l d e a s i l y 
be due t o the use of excess and a n a l y s i s a t much h i g h e r conversions 
(50 or 100%). The m e c h a n i s t i c i m p l i c a t i o n s o f these r e s u l t s are discussed 
i n S e c t i o n ( V ) . 
Support and d i l u e n t e f f e c t s . 
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Some years ago an i s o l a t e d r e p o r t by S i n f e l t and Lucchesi 
presented k i n e t i c evidence f o r hydrogen ' s p i l l o v e r ' i n t h i s system. 
These workers noted a v e r y s i g n i f i c a n t i n c r e a s e i n r a t e o f e t h y l e n e 
144. 
h y d r o g e n a t i o n when t h e i r P t / S i 0 2 c a t a l y s t was i n t i m a t e l y mixed w i t h 
^ 2 ° 3 b u t no s i g n i f i c a n t e f f e c t on d i l u t i o n w i t h f u r t h e r SiO^. 
They concluded t h a t atomic hydrogen formed by H 2 d i s s o c i a t i o n on 
Pt e n t r e s 1 s p i l l e d over' onto t he A^O^ which then acted as the 
hyd r o g e n a t i o n c a t a l y t i c agent w i t h g r e a t e r t u r n o v e r than Pt i t s e l f . 
As mentioned above, i t was i n t h i s work t h a t f o r e t h y l e n e 
h y d r o g e n a t i o n over the Pt/SiO^ c a t a l y s t was found t o be 17-20 k c a l mole \ 
I n h i s o r i g i n a l work on p a t t e r n s o f e t h y l e n e d e u t e r a t i o n and exchange 
over supported Pt Bond"^^ noted d i f f e r e n c e s i n a d d i t i o n p a t t e r n s 
f o r d i f f e r e n t supports and al t h o u g h e t h y l e n e exchange was noted t o be 
v e r y low v a r i a t i o n s were found i n t h i s process too although f i g u r e s 
were n o t quoted. The f o l l o w i n g experiments aimed t o use the 
et h y l e n e deuteration/exchange p a t t e r n s as a probe f o r i n v e s t i g a t i n g 
these r e s u l t s f u r t h e r . 
As p r e v i o u s l y , runs were c a r r i e d o u t u s i n g equal p a r t i a l pressures 
o f e t h y l e n e and deuterium ( u s u a l l y l O O t o r r ) and samples of e t h y l e n e and 
ethane analysed a t low conversions. R e s u l t s were o b t a i n e d f r o m f o u r 
c a t a l y s t s , u s i n g 4-70 mgms, a t 23°C. 
1) 12% P t / S i 0 2 d i l u t e d x 20 w i t h S i 0 2 as used above. A e r o s i l SiO 
2) 0.1% P t / S i 0 2 prepared s i m i l a r l y . 
3) 0.1% P t / A l 2 0 3 prepared s i m i l a r l y . K e t j e n CK300 A l ^ . 
4) 50:50 m i x t u r e o f ( 2 ) and CK300 A l ^ . Prepared by g r i n d i n g the 
c o n s t i t u e n t s t o g e t h e r . 
Before each r u n the c a t a l y s t was s u b j e c t e d t o the 0 2/D 2 
p r e t r e a t m e n t procedure d e s c r i b e d above t o g i v e a 'clean' Pt s u r f a c e , 
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under which c o n d i t i o n s r e a c t i o n r a t e f o r a g i v e n c a t a l y s t was 
p r o p o r t i o n a l t o the weight o f c a t a l y s t , o t h e r c o n d i t i o n s being 
i d e n t i c a l . 
The ethane d i s t r i b u t i o n s are c o l l e c t e d i n Table 6.9. Also shown 
are t he r e l a t i v e i n i t i a l r a t e s (k ) c a l c u l a t e d f o r u n i t w e i g h t o f 
r e l 
Pt i n the c a t a l y s t . Since c a t a l y s t weights were v e r y s m a l l , these 
v a l u e s are c o r r e s p o n d i n g l y approximate but they have an i m p o r t a n t b e a r i n g 
on t he f o l l o w i n g d i s c u s s i o n . F i g . 6.10 shows the v a r i a t i o n of e t h y l e n e - d 
c o n c e n t r a t i o n w i t h c o n v e r s i o n f o r the f o u r c a t a l y s t p r e p a r a t i o n s . 
c a t a l y s t d 
0 d l 
% ethanes 
d 2 d 3 d 4 d 5 d 6 % conv. r e l 
1 14.7 30.1 29.5 12.7 7.4 3.7 1.8 19 0.4 
2 17.1 23.8 37.2 12.3 5.3 2.9 1.3 25 0.9 
3 17.2 21.8 40.3 12.2 5.2 2.2 1.1 22 1.0 
4 21.3 23.3 35.3 11.5 4.4 2.5 1.7 16 0.8 
TABLE 6.9 
( e ) D i s c u s s i o n . 
The d i f f i c u l t y o f o b t a i n i n g r e l i a b l e ethane d i s t r i b u t i o n s i s 
160,161 
w e l l known and, as shown i n Appendix I I , the comparison o f 
c a l c u l a t e d and observed peak h e i g h t s f o r m/e = 28 and 29, which the 
a n a l y s i s makes p o s s i b l e , i n d i c a t e s t h a t the v a l u e s f o r % ethane-d 
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r a p i d l y became i n c r e a s i n g l y i n a c c u r a t e f o r n = 2, 1 and 0. The 
r e s u l t s i n Table 6.9 f o r c a t a l y s t s ( 2 ) - ( 4 ) are v e r y s i m i l a r but 
d i f f e r s l i g h t l y f r o m ( 1 ) . The r e l i a b i l i t y o f the r e s u l t s from ( 1 ) 
i s l e s s than the r e s t , however, on the b a s i s o f the agreement between 
c a l c u l a t e d and observed peak h e i g h t s f o r m/e = 28 and 29. There i s 
c e r t a i n l y no s i g n i f i c a n t d i f f e r e n c e between the r e s u l t s from 
c a t a l y s t s ( 2 ) - ( 4 ) . 
I n agreement w i t h B o n d ^ ^ the amount o f e t h y l e n e exchange over 
Pt/Al^O^ i s s i g n i f i c a n t l y h i g h e r than over Pt/SiO^. The reason f o r 
t h i s support e f f e c t i s not y e t understood b u t i t i s r e a l as p r e l i m i n a r y 
work w i t h Pt on d i f f e r e n t supports c o n s i s t e n t l y r e v e a l e d w i d e l y d i f f e r i n g 
e t h y l e n e exchange r a t e s . This i s an area which c o u l d f r u i t f u l l y be 
i n v e s t i g a t e d i n more d e t a i l since i t i s fundamental t o our knowledge 
o f supported m e t a l c a t a l y s t behaviour. 
Of more immediate relevance t o the p r e s e n t d i s c u s s i o n i s the lack 
of d e t e c t a b l e d i f f e r e n c e between P t / S i 0 2 , Pt/SiO^ + S i 0 2 and P t / S i 0 2 -f 
Al^O^ f o r e t h y l e n e exchange. The e t h y l e n e exchange probe i s 
o b v i o u s l y s e n s i t i v e enough t o d e t e c t support e f f e c t s ; consequently i f 
hydrogen s p i l l o v e r from m e t a l t o s u p p o r t occurs t o promote e t h y l e n e 
h y d r o g e n a t i o n on the s u p p o r t then a d i f f e r e n c e would be expected i n the 
data from P t / S i 0 2 mixed w i t h S i 0 2 or A^O^. The absence o f t h i s 
d i f f e r e n c e , m i r r o r e d by the l e s s s e n s i t i v e ethane d i s t r i b u t i o n s , 
p l a i n l y i n d i c a t e s t h a t the r e a c t i o n takes place o n l y on the metal and 
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i s , t h e r e f o r e , i n disagreement w i t h the p r o p o s a l o f S i n f e l t and Lucchesi 
c o n c e r n i n g hydrogen s p i l l o v e r and r e a c t i o n on the support. The d e t a i l e d 
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162 k i n e t i c work o f S c h l a t t e r and Boudart discussed above and p u b l i s h e d 
s i n c e t h i s work was completed a l s o probed the ' s p i l l o v e r 1 evidence and 
f o r 'clean' c a t a l y s t s found no d i f f e r e n c e i n t u r n o v e r number f o r 
e t h y l e n e h y d r o g e n a t i o n over Pt/SiO^ c a t a l y s t s when u n d i l u t e d o r 
when d i l u t e d w i t h SiO^ or A i 2 ° 3 # These aut h o r s concluded t h a t the 
c a t a l y s t used by S i n f e l t and Lucchesi was b a d l y contaminated w i t h 
carbonaceous m a t e r i a l ; t h i s m i g r a t e d to the Pt on a c t i v a t i o n 
( t o g i v e low a c t i v i t y ) but was scavenged by added Al^O^ d u r i n g t h i s 
t r e a t m e n t , g i v i n g r i s e t o an apparant i n c r e a s e i n a c t i v i t y . The 
r e s u l t s i n Table 6.9 show t h a t the r e l a t i v e i n i t i a l r a t e s f o r 
c a t a l y s t s ( 2 ) - ( 4 ) are the same t o w i t h i n 20%, which i s p r o b a b l y w i t h i n 
t he l e v e l o f a p p r o x i m a t i o n p o s s i b l e here. Even the v e r y d i f f e r e n t 
c a t a l y s t ( 1 ) g i v e s a v a l u e o n l y about h a l f these. Since a l l c a t a l y s t s 
were s u b j e c t e d t o oxygen c l e a n i n g t r e a t m e n t b e f o r e runs these 
o b s e r v a t i o n s are i n complete agreement w i t h the more d e t a i l e d k i n e t i c d a ta 
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o f S c h l a t t e r and Boudart on t h i s system. As noted p r e v i o u s l y the 
v e r y h i g h E v a l u e o b t a i n e d by S i n f e l t and Lucchesi i s a l s o i n d i c a t i v e a 
o f a contaminated c a t a l y s t . 
I n t he past d i f f e r e n c e s i n s p e c i f i c a c t i v i t i e s o f m e t a l s , 
supported or unsupported and prepared i n v a r i o u s ways, as d e r i v e d from 
k i n e t i c measurements f o r a s t a n d a r d r e a c t i o n have been used as 
evidence f o r the e x i s t e n c e o f support and p a r t i c l e s i z e e f f e c t s . 
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P l a t i n u m has been p a r t i c u l a r l y s u b j e c t t o such c o n s i d e r a t i o n s 
The above r e s u l t s i n d i c a t e t h a t i n f u t u r e i t w i l l be necessary t o 
demonstrate t h a t the metal s u r f a c e has been e f f e c t i v e l y cleaned i n o r d e r 
t h a t a r t i f a c t s o f t h e type discussed above can be e l i m i n a t e d . 
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( i v ) I . r . s t u d i e s o f the C^-H^-Pt/SiO^ system. 
( a ) I n t r o d u c t i o n . 
I n g e n e r a l , the I R technique has been much more s u c c e s s f u l l y 
used f o r the study o f s u r f a c e species than any o t h e r s p e c t r o s c o p i c 
method. This i s due p a r t l y t o the f a c t t h a t i t s c o m p a r a t i v e l y 
long wavelength r a d i a t i o n i s o n l y weakly s c a t t e r e d by the surface 
i n t e r f a c e s so t h a t t r a n s m i s s i o n measurements are p o s s i b l e . For adequate 
s e n s i t i v i t y t o adsorbed molecules hi g h - a r e a adsorbents are needed i n 
the form of f i n e powders, s o l i d s w i t h f i n e pores or porous d i s c s pressed 
from powders. These a l s o minimise r a d i a t i o n - s c a t t e r i n g because the 
p a r t i c l e s o r pores are o f t e n c o n s i d e r a b l y s m a l l e r than the i . r . 
wavelength. Pressed d i s c s are e s p e c i a l l y c o n v e n i e n t , when they can be 
made because o f t h e i r h i g h d e n s i t y and s e l f - s u p p o r t i n g n a t u r e . The 
a c c e s s i b l e r e g i o n o f the spectrum i s then determined by the a b s o r p t i o n 
o f r a d i a t i o n by the adsorbent. Extensive work has been c a r r i e d out 
w i t h h i g h area oxides (eg SiO^, Al^O^, S i C ^ - A l , ^ , ZnO), z e o l i t e s and 
o x i d e supported metals as adsorbents. The whole s u b j e c t has been 
covered i n books by L i t t l e ^ ^ and H a i r * " ^ , and s e l e c t e d t o p i c s have been 
. 179,180 reviewed. ' 
The a b i l i t y o f i . r . t o d e t e c t s u r f a c e species on supported metals 
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was f i r s t demonstrated by Eischens, F r a n c i s and P l i s k i n i n 1954 
f o r CO on SiO^ supported Cu, N i , Pt and Pd. P l i s k i n and Eischens l a t e r 
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r e p o r t e d s p e c t r a f o r C^H^ on Ni/SiO^ and s i n c e then C^H^ has been 
s t u d i e d , on SiO^-supported m e t a l s , i n d e t a i l , mainly by Sheppard and 
1 o o 1 ft A 
co-workers. I n these s t u d i e s i . r . s p e c t r a were s t u d i e d under 
s t a t i c c o n d i t i o n s by dosing the sample and removing gas-phase species. 
150. 
R e c e n t l y , Avery o b t a i n e d s p e c t r a from C^H^/H^ m i x t u r e s f l o w i n g 
over Pt/SiO^ under c a t a l y t i c c o n d i t i o n s , a l t h o u g h the observed k i n e t i c s 
i n d i c a t e d the r e a c t i o n t o be c o n t r o l l e d by the r a t e o f d i f f u s i o n o f 
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C^H^ t o the c a t a l y s t s i t e . Because of i n t e r p r e t a t i o n a l d i f f i c u l t i e s 
much of the data accumulated has y e t t o be p u b l i s h e d but a summary of 
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the e s t a b l i s h e d i n f o r m a t i o n i s g i v e n now t o a i d the l a t e r d i s c u s s i o n 
o f the p r e s e n t r e s u l t s . 
At a g i v e n temperature d i f f e r e n t s p e c t r a are o b t a i n e d from C^H^ 
on N i , Pd and Pt ( i t b e i n g understood from now on t h a t any m e t a l r e f e r r e d 
t o i n t h i s c o n t e x t i s SiO^- s u p p o r t e d ) . However, s p e c t r a f o r C^H^ 
on N i a t low temperatures are s i m i l a r t o those from C^H^/Pd a t 
somewhat h i g h e r temperatures and to those from C^H^/Pt a t h i g h e r 
temperatures s t i l l . The a c c e s s i b l e i . r . frequency range i s down 
t o 1300 cm ; below t h i s frequency S i 0 2 absorbs ver y s t r o n g l y . The 
main v i b r a t i o n a l modes o f hydrocarbons which can be s t u d i e d are those o f 
t h e vCH s t r e t c h (~ 3100-3000cm" 1 f o r (sp 2)C-H; ~ 3000-2800 f o r ( s p 3 ) 
C-H, the 6CH 2 and SCH^ deformations (~ 1500-1300 cm" 1), the vC=C s t r e t c h 
(~ 2200 cm""1) and the vC=C s t r e t c h (~ 1650 cm" 1). The l a t t e r two 
are v e r y weak and n o t u s u a l l y observed; a n a l y s i s o f the o t h e r modes 
g i v e s most o f the s t r u c t u r a l i n f o r m a t i o n which can be o b t a i n e d . 
S p e c i f i c assignments f o r C 2H^/Pt at 20°C are: 1**** 
( i ) - 3010cm" 1(w): PtCH=CHPt 
( i i ) ~ 2920 cm" 1(m,sh): Pt 2CH~CHPt 2 
( i i i ) ~ 2930 cm" 1(m,b); 2880 cm" 1(s) and 2795 cm" 1(w): PtCH 2-CH 2Pt 
A l l these species c o - e x i s t on the P t s u r f a c e , b u t the r e l a t i v e 
coverages are u n c e r t a i n because the r e l a t i v e peak i n t e n s i t i e s cannot 
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be r e a d i l y i n t e r p r e t e d . A d d i t i o n o f hydrogen a t t h i s temperature 
removes most o f the spectrum; however the amount of ethane (and 
t r a c e s o f n-butane) observed i n the gas phase i n d i c a t e s t h a t t h e r e 
must a l s o e x i s t a s u b s t a n t i a l amount o f c o m p l e t e l y dehydrogenated 
e t h y l e n e (eg Pt^C-CPt^, Pt 2C = C P t 2 ) i n the form of c a r b i d i c 
r e s i d u e s which do n o t c o n t r i b u t e t o the spectrum o f adsorbed e t h y l e n e . 
A d s o r p t i o n o f C^H^ and h y d r o g e n a t i o n a t h i g h e r temperatures leads t o 
p r o g r e s s i v e f o r m a t i o n o f s p e c t r a w i t h peaks a t ~ 2 9 6 0 ( s ) , 2920(s), 
2870(m) and 2855(m)cm 1 a t t r i b u t e d t o s u r f a c e b u t y l groups, 
CH^(CH 2)^Pt^^ 1 8 6 and the o b s e r v a t i o n o f much n-butane, but l i t t l e 
ethane, i n the gas phase. I n i t i a l a d s o r p t i o n and hydrogenation a t 
-78°C, however, g i v e s 1 8 6 bands due t o PtCH -CH 2Pt and o t h e r s a t 2965cm" 1 
and 2945cm \ These new bands are assigned t o p h y s i c a l l y adsorbed 
ethane and ( p o s s i b l y ) a l a b i l e s u r f a c e CH^Ct^Pt species, r e s p e c t i v e l y . 
Experiments w i t h d e u t e r a t e d e t h y l e n e s add s t r e n g t h to the suggestion 
t h a t the a s s o c i a t i v e l y adsorbed C^R^ (PtCH 2«CH 2Pt) i s a major species 
a t room temperature. 
I . r . s p e c t r a have a l s o been observed f o r chemisorbed H 2 on 
18 7 — 1 Pt/A^O^ . Two bands occured a t 2105 and 2055cm , the former 
disappeared d u r i n g e v a c u a t i o n . Using gave analogous bands i n the 
expected p o s i t i o n s . Both bands were a s c r i b e d t o Pt-H s t r e t c h e s 
188 
( s i m i l a r f r e q u e n c i e s are found f o r complex Pt h y d r i d e s ) one form o f 
adsorbed H being more s t r o n g l y h e l d than the o t h e r , e.g. 
H H H * H 
or I „H._ I 
P t H Pt P t - ' ^Pt 
where H i s the more s t r o n g l y adsorbed. However, d e t a i l e d l a t e r work 
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189 by E l e y and co-workers on a d s o r p t i o n by Pt/SiC>2 and Pt/Al^O^ 
presented data t o support the r a d i c a l l y d i f f e r e n t view t h a t these 
bands r e f e r t o H atoms h e l d on patches o f o x i d e on the supported P t 
c r y s t a l l i t e s . A 2120-2140 cm" 1 band was a s c r i b e d t o H atoms h e l d 
4+ -1 d i r e c t l y by 'Pt 1 w h i l e a 2040 cm band i n v o l v e d s i m i l a r l y h e l d 
H atom a l s o hydrogen bonded t o a d j a c e n t OH ions formed by H^ O 
d i s s o c i a t i o n a t a n i o n i c d e f e c t s i n the oxide p a t c h . S l i g h t d i f f e r e n c e s 
i n behaviour f o r the two c a t a l y s t s c o u l d be e x p l a i n e d by d i f f e r i n g 
m o b i l i t i e s o f -OH groups on the support. This work i s discussed 
f u r t h e r below. 
( b ) E x p e r i m e n t a l 
The g e n e r a l procedures adopted c l o s e l y f o l l o w e d those used by 
Sheppard and c o - w o r k e r s 1 ^ * " 1 ^ except t h a t the 12% Pt/SiO^ c a t a l y s t 
d e s c r i b e d above was used d i r e c t l y whereas the l a t t e r workers produced 
the supported m e t a l i n s i t u by r e d u c t i o n o f an SiO^ d i s c impregnated 
w i t h H^PtCl.. The w e i g h t o f the P t / S i 0 o d i s c was 12-20mg and i t s area 2 6 2 
2 
about 0.7 cm . 
Two i n f r a r e d c e l l s were used; b o t h c o u l d be connected t o a vacuum/ 
gas h a n d l i n g system and had side arms which could be used f o r d i s c 
t r e a t m e n t a t up t o 650°C. The d i s c , h e l d i n a mount of magnetic m a t e r i a l , 
c o u l d be manoeuvred about the g l a s s system by use of e x t e r n a l magnets. 
The f i r s t , used f o r p r e l i m i n a r y work, had a path l e n g t h l i t t l e g r e a t e r 
than the w i d t h o f d i s c and h o l d e r , the d i s c being i n a w e l l between 
two KBr windows, and operated a t ambient temperature o n l y . The 
temperature of the d i s c i n the i . r . beam i s u n c e r t a i n , however, and 
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c o u l d reach temperatures as h i g h as 100 C. Because o f t h i s a second 
c e l l w i t h f a c i l i t i e s f o r h e a t i n g and c o o l i n g between -120°C and 300°C 
was c o n s t r u c t e d . The c e n t r a l s e c t i o n o f t h i s c e l l i s shown i n F i g . 6.1 
The area around the d i s c was wound w i t h w i r e f o r r e s i s t e n c e h e a t i n g 
and a l s o w i t h narrow bore copper t u b i n g through which N^ , c o u l d be 
passed f o r c o o l i n g . A Pt/Rh-Pt thermocouple was p o s i t i o n e d so as t o 
touch the d i s c h o l d e r f o r a c c u r a t e temperature measurement. The whole 
o f t h i s s e c t i o n o f the c e l l was encased i n a r e f r a c t o r y cement. The 
o u t e r KBr windows were a f f i x e d w i t h h i g h temperature ' a r a l d i t e * w h i l e 
f l u s h i n g the space w i t h d r y N^, and c o u l d themselves be sprayed w i t h 
warm t o prevent water condensation when the c e l l was operated a t 
low temperature. 
The gases used i n t h i s work and the storage methods used were as 
d e s c r i b e d i n S e c t i o n ( i ) above. 
I n a l l experiments the Pt/SiO^ d i s c was f i r s t t h o r o u g h l y degassed, 
i n the side-arm, by t a k i n g the temperature g r a d u a l l y up t o 550°C 
w h i l s t pumping and m a i n t a i n i n g t h i s temperature u n t i l a pressure o f 
10^-10*"^ t o r r was reached. This t r e a t m e n t removed physisorbed water 
and many s u r f a c e h y d r o x y l groups t o g i v e a v e r y sharp OH band a t 
~ 3740cm" 1. I n each experiment performed b e f o r e the oxygen c l e a n i n g 
t r e a t m e n t had been discovered ( S e c t i o n ( i ) ) the d i s c was f u r t h e r t r e a t e 
w i t h 400 t o r r H 0 a t 350°C t o remove any Pt c o n t a m i n a t i o n - the method 
o f Sheppard e t a l . A f t e r c o o l i n g t o the d e s i r e d temperature ( o r 
ambient f o r the simple c e l l ) and e v a c u a t i n g t o < 10 ^ t o r r , e t h y l e n e 
was b l e d i n t o the c e l l up t o ~ 20 t o r r and l e f t f o r v a r i o u s p e r i o d s 
b e f o r e e v a c u a t i n g , f o r about 1 min., to remove gas phase and physisorbe 
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species. A f t e r taking spectra was added up to 400 t o r r and l e f t 
f o r given periods before s i m i l a r l y evacuating and running spectra. 
(c) Results and Discussion. 
Preliminary experiments. 
Fig. 6.12 shows the vCH s t r e t c h region of the spectra obtained 
f o r a disc treated as shown. The high temperature evacuation and 
subsequent treatment should produce a 'hydrogen-covered 1 surface 
(as opposed to a 'bare' metal surface produced by prolonged evacuation 
of the treated sample at high temperature). This d i f f e r e n t i a t i o n 
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was proposed by Eichens and P l i s k i n who obtained d i f f e r e n t spectra 
f o r C^ H^  on these two types of Ni surface. Sheppard and co-workers 
18 5 
have not been able to reproduce t h i s behaviour on Ni or Pt. There 
was, however, no evidence of a Pt-H bond i n the 2100-2000cm 1 region 
of the present spectrum, nor have the l a t t e r workers ever reported one. 
The bands produced by adsorbed occur at 2960, 2920, 2880 and 
2360 cm~ 1(w) and possibly at ~ 2790cm" 1(vw). I n i t i a l l y the 2880cm"1 
band i s the most intense but a f t e r overnight standing the 2920cm 1 seems 
to have grown at i t s expense w i t h probable loss of the 2790cm 1 band. 
There i s no evidence of a band at 3010cm Evacuation f o r 1 min. to 
remove gas phase species ( n e g l i g i b l e c o n t r i b u t i o n to spectra because 
of the n e g l i g i b l e path length) and physisorbed species produced no basic 
change. These r e s u l t s could be explained ( f o l l o w i n g Sheppard et a l ) 
i f species of the type PtCl^-CR^Pt and Pt^CH-CHPt^ slowly reacted w i t h 
adsorbed to form some surface n-butyl groups. 
Addition of 400 t o r r produced a very marked increase i n 
sp e c t r a l i n t e n s i t i e s , bandsnow occurring at 2960, 2930(m) and 
1 5 6 . 
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FIGURE 6-12 
(a) A f t e r reduction at 350°C and evacuation f o r 1 min. 
(b) A f t e r a d d i t i o n of 20 t o r r C0H. 
2 4 
(c) A f t e r overnight standing 
(d) A f t e r evacuation f o r 1 min. 
(e) A f t e r a d d i t i o n of 400 t o r r 
( f ) A f t e r evacuation f o r 1 min. 
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2890-2850(w,b). The p o s i t i o n of these bands and t h e i r r e l a t i v e 
i n t e n s i t i e s agree c l o s e l y w i t h those previously reported f o r surface 
n-butyl groups, possibly w i t h a small c o n t r i b u t i o n from physisorbed 
butane. The spectrum almost e n t i r e l y disappears on b r i e f evacuation, 
which would be expected i f the disc temperature was < 60°C. These 
r e s u l t s agree very w e l l w i t h those previously reported i f i t i s assumed 
tha t the i . r . beam heats the disc to a temperature i n the region of 
50°C. 
Experiments w i t h the v a r i a b l e temperature i . r . c e l l . 
Attempts to repeat these experiments using the more sophisticated 
v a r i a b l e temperature c e l l to achieve accurate temperature c o n t r o l were 
i n large measure defeated. When i s o l a t e d from the vacuum system at high 
temperature the c a t a l y s t disc appeared to pick up large q u a n t i t i e s of 
hydrocarbon contamination which i t probably scavanged from the ' a r a l d i t e ' 
used to seal i n the inner windows. Breakdown of the seal led to 
leakage problems p e r i o d i c a l l y . I n one run which d i d produce r e s u l t s , 
however, t h i s s i t u a t i o n was turned to advantage. 
Fig. 6.13 shows the relevant spectra. The large q u a n t i t y of 
saturated C-H appeared on a disc which had been pretreated as above. 
The temperature was adjusted to 125°C and 0^ from a cylinder flowed 
over the disc f o r 2.5 hrs. The c e l l was then evacuated to ~ 10 ~* t o r r 
at 150°C f o r a s i m i l a r period and the spectrum then obtained shows that 
the contamination had been removed. This confirms d i r e c t l y the e i f e c t 
of oxygen treatment noted i n Section ( i ) . A ddition of and cooling 
to 50°C did not a l t e r the C-H region but produced a broad strong band 
centred on 3460cm"* and a sharp band at 2060cm The former can be 
a t t r i b u t e d to water hydrogen-bonded on the S i 0 9 support (probably only 
Caption f o r F i g . 6.13 
(a) Saturated hydrocarbon contamination 
(b) A f t e r flowing 0^ treatment f o r 2.5 hours at 125°C 
and evacuation at 150°C 
(c) A f t e r a d d i t i o n of 400 t o r r and cooling to 50°C 
-4 
(d) A f t e r standing for 16 hours and evacuation to 5 x 10 t o r r 
(e) A f t e r a d d i t i o n of 15 t o r r C 2H 4 at -78°C 
( f ) A f t e r standing f o r 25 mins and evacuation f o r 2 mins. 
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low coverage) while the l a t t e r i s in the regfou of the bands described 
above f o r adsorbed H^ . On standing f o r 16 hrs. t h i s band increased 
i n breadth and i n t e n s i t y , the peak maximum now appearing at 2040 cm"1, 
and a weak broad band also appeared at ~2180cm~*. This behaviour 
ex a c t l y combines t h a t reported by Eley et a l f o r Pt/SiO^ when 
pretreated w i t h 0^ and evacuated p r i o r to a d d i t i o n and also when 
treated w i t h water vapour at lSC^C.1 9 This data c l e a r l y adds weight 
to the l a t t e r workers' i n t e r p r e t a t i o n s of the fPt-H' bands (described 
above) and indicates that the Pt/Al 0 disc used by Eischens and 
18 7 
P l i s k i n was probably surface oxidised. Since these bands were not 
seen when the c a t a l y s t was pretreated by high temperature degassing 
and reduction i t can probably be assumed t h a t no oxide patches were 
present on the Pt c r y s t a l l i t e s . The above r e s u l t s demonstrate that 
chemisorbed 0^ does p e r s i s t on Pt even a f t e r high temperature 
evacuation and that U treatment removes t h i s as H^ O; t h i s i s , i n f a c t , 
the basis of the H^/Pt-O t i t r a t i o n method f o r measuring Pt surface 
19? ^ 
areas ( ' 2 H 2 + p t " ° "+ P t ~ H + H 2 ° ^ 
The fPt-H' bands were l a r g e l y removed by ethylene a d d i t i o n at 
-78°C, presumably by reac t i o n . The weak spectrum i n the vCH region 
had peaks at 3090, 3010, 2960(b), 2920 and 2850cm"1; evacuation f o r 
2 mins removed the peak at 3090 cm This peak may be due to weakly 
bound C^ H^  on oxidised metal s i t e s , since i t has not previously been 
observed. There i s some evidence f o r the species Pt2CH=CHPt2 
(~ 3010cm ) not observed at higher temperatures and the other peak 
p o s i t i o n s and i n t e n s i t i e s i n the i n i t i a l spectrum are reminiscent of the 
spectrum reported p r e v i o u s l y 1 8 ^ f o r C2H^ on Pt a f t e r ^ a d d i t i o n at -78°C 
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which possibly i n f e r r e d the presence of the surface e t h y l group, 
CH^CH^Pt. A f t e r evacuation bands are prominent at 2960cm"1, 2920cm"1 
w i t h a weak broad band at 2840-2880cm 1 and possibly a weak absorption 
at 3010 cm The r e l a t i v e i n t e n s i t i e s of the f i r s t three bands are 
qui t e d i f f e r e n t from those observed at higher temperature and are not 
consistent w i t h n-butyl. The prominence of the 2960cm""1 band suggests 
-CH^, however, so t h i s spectrum may be due to surface e t h y l , CH^CH^Pt 
w i t h c o n t r i b u t i o n s from the other species found i n the previous 
experiment. Assuming t h a t n-butyl and c a r b i d i c residues are the 
c a t a l y s t poisons then t h e i r apparent non-existence at -78°C i s i n 
agreement w i t h the f a c t t h a t the c a t a l y s t does not deactivate when run 
at t h i s temperature, as discussed above. 
I n conclusion, i t seems as i f those species which are postulated as 
being the r e a c t i v e intermediates (see next section) are observed by 
i . r . only at low temperatures (probably < -50°C) while spectra obtained 
at higher temperatures are i n d i c a t i v e of those species which are more 
l i k e l y to be immobile (poisons). S i g n i f i c a n t l y , spectra obtained under 
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flowing c a t a l y t i c conditions which are claimed to represent those 
species also observed under s t a t i c conditions, were observed at -60°C. 
On the basis of the above r e s u l t s i t i s suggested that the same experiment 
performed at room temperature or above would i n d i c a t e n-butyl-type 
spectra, i f any, even though ethane would remain the sole product. 
(v) Conclusions. 
I t i s not proposed here to discuss i n d e t a i l the mechanism of 
ethylene hydrogenation; rather to i n d i c a t e the relevance of the 
foregoing r e s u l t s to t h i s question. The eventual r a t i o n a l i s a t i o n of 
k i n e t i c and deuterium tr a c e r work up to 1955 ( v i r t u a l l y a l l concerning 
the r e a c t i o n over Ni) i n terms of an associative rather than a 
161. 
177 d i s s o c i a t i v e mechanism has been n e a t l y o u t l i n e d and the more recent 
deuteration/exchange work has been reviewed 1"^ w i t h p a r t i c u l a r reference 
to mechanistic i n t e r p r e t a t i o n s . 
Any mechanistic model must f i t the observed k i n e t i c s , i n t h i s 
connection i t can be noted that the route by which ethane i s mostly 
formed probably has the k i n e t i c s : 
d [ C 2 H 6 ] / d t = k[C 2H 4]°[H 2] 1 
the negative orders i n C^ H^  which have been found probably r e f l e c t the 
loss of c a t a l y t i c s i t e s by poisoning mechanisms - a process which i s 
probably very slow at -80°C, when the above k i n e t i c s hold. As has 
also been shown above, poisoning e f f e c t s can occur during reductive 
pretreatments of supported Pt and these markedly a f f e c t the observed 
a c t i v a t i o n energy. There i s a strong case, the r e f o r e , f o r b e l i e v i n g 
t h a t mechanistic studies of hydrocarbon reactions over Pt should be 
c a r r i e d out at low temperatures ( i d e a l l y , -78°C say). 
The generally accepted mechanism i s based on that o r i g i n a l l y due 
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to H o r i u t i and Polyani (the 'associative 1 mechanism): 
(1) +H(2) +H 
C 2H 4(g) C 2H 4(a) ^ C 2H 5(a) > C2Vg) (-D -H(-2) (3) 
where the o r i g i n of H (used g e n e r i c a l l y ) was assumed to be d i s s o c i a t i v e l y 
adsorbed H 2 (H 2 -> 2H(a)) but i s now thought t o involve any hydrogen 
containing surface species capable of acting as an H donor. The 
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s t a t i s t i c a l scheme of Kemball based on t h i s model allows the various 
162. 
p r o b a b i l i t i e s f o r the reactions of the two types of adsorbed species to 
be assessed i n terms of four parameters. Using t h i s approach Bond 
and co-workers have obtained computed ethane and ethylene d i s t r i b u t i o n s 
154,155,161 
from the r e a c t i o n which agree q u i t e w e l l w i t h experimental r e s u l t s . 
The low degree of o l e f i n exchange over Pt (reactions + 1, + 2) has been 
shown to be due to the desorption step (-1) being very d i f f i c u l t while 
the production of ethanes d^-d^ r e s u l t s from reactions (+ 2) being 
f a c i l e and ethane desorption (3) rate l i m i t i n g . Hydrogen exchange, which 
has not been followed i n t h i s work, i s also accounted f o r . These 
considerations have been f u l l y d e a lt with; 1"* > 155)161 ^ ^ g 
s u f f i c i e n t to add that the above work confirms t h e i r conclusions and i s 
s i g n i f i c a n t because the r e s u l t s were obtained from i n i t i a l d i s t r i b u t i o n s 
using equal p a r t i a l pressures of reactants. 
There i s much discussion about the form of the adsorbed ethylene. 
There are two p o s s i b i l i t i e s : 
CH0 CH_ C H 0 = = C H 
I 2 I 2 2 i 2 
Pt-- -Pt Pt 
a-diadsorbed ic-complex 
e i t h e r of which f i t s i n w i t h the reaction scheme. However, i n the 
i . r . experiments, non-dehydrogenated Tc-bonded species are not observed, 
whereas there i s evidence f o r the o-bonded species. The l a t t e r also 
lends i t s e l f more r e a d i l y to explanation of the production of more 
dehydrogenated species l i k e PtCH=CHPt and Pt2CH-CHPt2. However, great 
care must be taken i n the i n t e r p r e t a t i o n of these data i n terms of the 
r e a c t i v e intermediates and i t has again been indicated above th a t low 
temperature work i s e s s e n t i a l here. I . r . does give a good i n d i c a t i o n 
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o f the species responsible f o r c a t a l y s t poisoning, however, and confirms 
the r o l e of 0^ pretreatment i n removing carbide residues. I t also 
reveals the possible presence of oxide patches even when t h i s 
treatment i s followed by hydrogen reduction and evacuation at high 
temperature. This could w e l l account f o r the f l u c t u a t i n g rates 
observed f o r c a t a l y s t s t r e a t e d i n t h i s way. 
F i n a l l y , i t i s s a t i s f y i n g to f i n d t h a t k i n e t i c , i . r . and 
deuteration work on Pt/SiO^ reproduces the v a r i e t y of data observed 
f o r Pt used previously i n widely d i f f e r e n t preparations. D i f f e r e n t 
s u s c e p t i b i l i t i e s to poisoning may w e l l account f o r differences i n past 
k i n e t i c r e s u l t s . However, a small but reproducible e f f e c t of the 
support on the P t - ^ H ^ - f t ^ system has been found though more data needs 
to be gathered before an explanation can be attempted. 
CHAPTER V I I 
ESCA STUDIES OF THE Pt/SiO„ CATALYST 
164. 
( i ) I n t r o d u c t i o n . 
During the course of t h i s work there have been two reviews 
i n v o l v i n g the a p p l i c a t i o n of electron spectroscopy to studies of 
195 
surfaces and c a t a l y s t s . Delgass and co-workers, i s an extended 
series of experiments, attempted surface studies by ESCA i n three areas: 
adsorption, the behaviour of supported metals compared to unsupporte-
metals, and c r y s t a l l i n e oxides. Although g i v i n g encouraging pointers 
these experiments were hampered by poor vacuum conditions, lack of 
s e n s i t i v i t y and inadequate c a l i b r a t i o n . This work has i t s e l f been 
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included i n a comprehensive review by Brundle of a l l aspects of 
surface studies by elec t r o n spectroscopic methods. The existence of 
the l a t t e r a r t i c l e renders any f u r t h e r comparison of these methods 
unnecessary here. 
There have been a number of reports which i n d i c a t e the usefulness 
of ESCA i n f o l l o w i n g the composition of the surface layers of c a t a l y s t s . 
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Wo lb erg e t a l have demonstrated the formation of CuO and CuA^O^ 
phases upon c a l c i n a t i o n of ~ 10% Cu/Al^O^ ca t a l y s t s depending on the 
temperature and surface area of the support. Migration of Ca to the 
metal surface i n a supported s i l v e r c a t a l y s t during y- i r r a d i a t i o n , 
c o r r e l a t e a b l e w i t h changes i n the s e l e c t i v i t y f o r ethylene oxide production, 
198 
has been demonstrated and preliminary i n v e s t i g a t i o n s of the 
chemical state of Mo i n o l e f i n d i s p r o p o r t i o n a t i o n c a t a l y s t s (supported 
199 
Mo(CO),) have been reported. Oxygen species on the surface of 
p t195,200. R h 2 0 1 . N i 2 0 2 . Cu 20, CuO and N i O 2 0 3 have also been discussed. 
These studies emphasise the surface s e n s i t i v i t y of ESCA. 
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The aim of t h i s section of work was to study the state of the 
metal i n the 12% Pt/SiC^ c a t a l y s t , used f o r the work discussed i n the 
previous chapter, w i t h especial regard to the e f f e c t of oxygen and 
hydrogen pretreatments. 
( i i ) Experimental. 
Two samples were inve s t i g a t e d . The f i r s t was the 12% Pt/SiO^ 
c a t a l y s t described previously, the second was the precursor to t h i s -
a sample of SiO^ impregnated w i t h H^PtCl^ such as to y i e l d 12% Pt/SiC^ 
a f t e r reduction. This l a t t e r sample was prepared as described previously 
and d r i e d at 110°C g i v i n g a pale brown powder. Both samples were 
pressed i n t o i n f r a r e d - t y p e discs and separately investigated mounted on 
a f i x e d o r i e n t a t i o n shaft bolted d i r e c t l y onto the spectrometer housing. 
This shaft could be heated to 400°C and the obtainable vacuum was 
somewhat b e t t e r than could be obtained when the normal sample probe was 
used. Treatment of the sample wi t h gases was effected i n s i t u by 
f l u s h i n g the i s o l a t e d source region before l e t t i n g i t up to a given 
pressure of the gas. 
( i x i ) Results and Discussion. 
Figure 7.1, shows the Pt4f and C12p regions of the spectra f o r 
the impregnated sample before and a f t e r reduction. The spectra from 
H PtCl / S i 0 o (Fig.7.1(a)) i n d i c a t e the Pt atoms to be i n a range of 2 6 2 
environments (broad peaks). The Cls peak from t h i s sample was 
reasonably sharp and may be taken to be due to inherent carbonaceous 
contaminant. Assigning a BE of 285.0 eV to t h i s peak the 01s peak, 
1 6 6 . 
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mainly due to oxide ions i n the s i l i c a l a t t i c e , has a BE of 535.3 eV. 
A l l the f o l l o w i n g BE's have been referenced to the 01s peak from the 
S i 0 o support at t h i s BE. The average P t 4 f . 7 / 0 BE from the H oPtCl r/Si0 o / III I o I 
spectrum i s 73.0 eV, i e i n the Pt** region. This reduction i s 
o x i d a t i o n s t a t e from Pt*^ i s doubtless the r e s u l t of prolonged drying 
of the c a t a l y s t (necessary i n order to make sample discs able to 
withstand high temperature without f r a c t u r i n g ) w i t h loss of HC1 and/or 
Cl^. The area r a t i o of C12p/Pt4f peaks i s much lower than would be 
expected f o r H^PtCl^ which confirms t h i s conclusion. 
Reduction under standard conditions(760 t o r r f o r 30 minutes 
at 150°C) i n the spectrometer produced marked spectral changes 
(see Fig. 7.1(b)). As expected the C12p peak shows large loss i n 
i n t e n s i t y but the broad peak remaining indicates that there i s re s i d u a l 
c h l o r i n e - probably incorporated i n the support surface layers as CI 
and as Si-Cl, by -OH group replacement on the surface. The Pt4f 
peak shows a s i g n i f i c a n t drop i n both o v e r a l l i n t e n s i t y and breadth. 
The l a t t e r i s expected because Pt° should be the only product while 
the former can be accounted f o r i n terms of a decrease i n the number 
of observable Pt atoms through t h e i r aggregation to form metal 
c r y s t a l l i t e s . The doublet i s s t i l l very broad w i t h a P t 4 f ^ ^ / ? t ^ f ^ . ^ 
r a t i o apparently less than the usually observed, t h e o r e t i c a l value of 
195 
1.33. This i s a s i m i l a r r e s u l t to that reported by Delgass et a l 
f o r a 5% Pt/SiO^ c a t a l y s t ; they explained t h i s i n terms of overlap of 
the P t 4 f ^ 2 P e a k w i t h a 4f ^ 2 . c o n t r i b u t i o n from oxidised Pt, the ^ f , . ^ 
component of which was obscured by noise. The P t 4 f ^ ^ maximum occurs 
at 71.7 eV BE which i s a l i t t l e higher than previously observed f o r 
Pt metal (Chapter I I ) . 
168. 
The sample was f u r t h e r heated i n a i r (-^  400 t o r r , 150°C) f o r • amp. 
30 minutes g i v i n g the spectrum shown i n Fig. 7.1(c). There i s a 
s i g n i f i c a n t new shoulder on the high BE side of the P t 4 f ^ 2 peak, 
the 4f"y/2 component of which would also produce the f i l l i n g up of 
the v a l l e y between the two main peaks. This new a d d i t i o n to the 
spectrum i s most l i k e l y to be due to P t 0 2 , the estimated P t 4 f ^ 2 B E 
of which (from the shoulder) i s ^77.7 eV i n agreement w i t h the BE 
reported f o r bulk P t 0 2 by Kim et a l who have also obtained spectra 
from electrochemically oxidised Pt w i t h components from Pt, PtO(ads), 
PtO and P t 0 2 (Pt4f ?^ 2BE's 70.7, 71.8, 73.4 and 74.1 eV r e s p e c t i v e l y ) . 
Comparison of Pt spectra i n Fig. 7.1(b) and (c) w i t h those of Kim et a l 
i n d i c a t e that i n the case of the supported metal the c o n t r i b u t i o n s 
from Pt-0 (ads) and Pt-0 must be very s i g n i f i c a n t . The oxidation 
treatment d i d not }however,have any e f f e c t on the Cls peak i n t e n s i t y as 
might have been a n t i c i p a t e d from the discussion i n Chapter V I . 
Fig. 7.2(a) shows the i n i t i a l spectrum from the 1270 P t / S i 0 2 
c a t a l y s t used f o r the work described i n the previous chapter. The 
P t 4 f ^ 2 and 4 f ^ 2 peaks are s l i g h t l y b e t t e r resolved than i n the case 
of the sample prepared by reduction i n s i t u , but the P t 4 f ^ 2 BE from 
the peak maximum i s the same (71.7eV). Pumping on the sample at 
~10~^ t o r r f o r several hours had l i t t l e e f f e c t on the Pt4f or Cls spectra, 
The sample was heated to 300°C and a low pressure of oxygen maintained 
i n the sample chamber by bleeding gas continuously from a resevoir shaft. 
This treatment also had l i t t l e e f f e c t on the spectra apart from the 
slow increase i n i n t e n s i t y of the Cls peak and corresponding decrease 
i n i n t e n s i t y of the Pt4f peak. Heating the sample i n 500 t o r r H 2 
f o r several hours at 350°C reversed t h i s trend g i v i n g a Pt4f spectrum 
s i m i l a r to that obtained i n i t i a l l y . Figs. 7.2(b)-(d) show the changes 
169. 
00 
CM *-* 
<1> 
CM I/) 
CO 
\ 
"D 
CM 
CD 
O 
C\i 
UJ 
CO 
170 
i n Cls spectra during these experiments. While producing a decrease 
i n the Cls peak i n t e n s i t y the hydrogen treatment also appears t o 
enhance a low BE component. This i s consistent w i t h the suggestion 
discussed i n Chapter V I that hydrogen treatment at high temperature 
activates migration of carbonaceous m a t e r i a l , p r i m a r i l y held by the 
support, to the metal where i t s u f f e r s dehydrogenation to produce 
' c a r b i d i c 1 residues which poison the c a t a l y s t . 
The notable i n a b i l i t y of prolonged hydrogen treatment at 350°C 
to produce changes i n the Pt4f spectrum i s very i n t e r e s t i n g . Bulk 
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metal Pt r e a d i l y adsorbs oxygen but the c o n t r i b u t i o n of Pt-0 (ads) 
to the Pt4f spectrum i s r e l a t i v e l y s m a l l ^ ^ and t h i s species i s 
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removeable by hydrogen treatment. PtO i s prepared by p a r t i a l 
o x i d a t i o n of Pt f o i l w i t h 0 2(15 atm) at 300°C. 2 0 5 I f i t i s assumed 
that the form of the Pt4f spectrum from Pt/SiO^ i s due to con t r i b u t i o n s 
from PtO and possibly PtO^, even when produced by i n s i t u reduction i n 
the spectrometer, then Pt i n the form of small supported c r y s t a l l i t e s 
must be much more susceptible to surface oxidat i o n than bulk Pt. From 
the ESCA r e s u l t s the t o t a l removal of oxidised centres by t r a d i t i o n a l 
reduction methods seems u n l i k e l y so the question of what r o l e , i f any, 
these centres play i n c a t a l y s i s arises - especially i n view of the 
fa c t that o x i d a t i o n at 300°C ( t o remove carbonaceous poisons) probably 
leads to f o r m a t i o n a n c* a marked increase i n the rate of ethylene 
hydrogenation. Related to t h i s i s the report that the observation by 
ESCA of high lev e l s of surface oxide on charcoal-supported Rh 
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c o r r e l a t e s w i t h high a c t i v i t y f o r c a t a l y t i c hydrogenations. However, 
the assumption that oxygen adsorbed on supported Pt c r y s t a l l i t e s can 
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be removed by hydrogen (the basis of the Pt surface area measurement 
method noted i n Chapter VI) has r e c e n t l y been upheld by c a l o r i m e t r i c 
i n v e s t i g a t i o n s of the C>2"H2 t i t r a t i o n °f Pt/Al^O^. Thus the 
p o s s i b i l i t y that the Pt4f doublet from reduced Pt c r y s t a l l i t e s of 
small size i s i n h e r e n t l y broader than that from bulk Pt metal or 
Pt complexes cannot be ru l e d out. 
I n order to i n v e s t i g a t e t h i s area f u r t h e r , however, i t now seems 
tha t u l t r a - h i g h vacuum conditions w i l l be necessary to allow production 
of clean surfaces and t h e i r c o n t r o l l e d reaction. 
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APPENDIX I 
Calculation of turnover number, N 
' t 3 1 mole C 2H 2 occupies 22.4 l i t r e s (22.4 x 10 ml) at NTP and contains 
23 
6.02 x 10 molecules. 
.'. For 1 t o r r C ^ i n 200 ml at 296°C no. of molecules 
= *)0 x |Z| 1 x 6 . 0 2 x 1 0 2 3 = 6 5 2 x 1 Q18 
22.4 x 10 Z ™ / 0 U 
Assuming 100% dispersion of Pt, 
no. of surface atoms = t o t a l no. of Pt atoms 
23 
1 gm atom of Pt (195 gm) contains 6.02 x 10 atoms 
.'. no. of Pt atoms i n 5 mgras of 12% Pt/Si0 2 d i l u t e d 50 times 
5 x 10~ 3 12 6.02 x 1 0 2 3 0 _ _ 16 
= 50 X 100 X 195 = 3 ' 7 X 1 0 
Rate of ethane production - 0.5 torr/min = 77-^ torr/sec 
oO 
• XT °- 5 6.52 x 1 0 1 Q i/i 1 1 1 £ / • • = TTT" x TT~ ~ 1.47 molecules/surface atom/sec 
fc 6 0 3.7 x 1 0 1 6 
This i s f o r i n i t i a l pressures of 50 t o r r i n ^^R^ and 
For standard conditions of Schlatter and Boudart (23 t o r r C0H,. 
2 4 
152 t o r r H^) assuming zero order i n C,^ and f i r s t order i n H 2 
) 52 
N t = 1.47 x = 4.46 molecules/surface atom/sec. 
In p r i n c i p l e N t can be calculated from knowledge of the mean 
p a r t i c l e size. Using the r e l a t i o n logA + log r = 3.14 for Pt 
where r i s the c r y s t a l l i t e radius (assumed spherical) i n X and A i : 
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the surface area of metal i n m /gm: For r = 25A, A = 55 m /gm. 
15 2 207 Assuming 1.12 x 10 surface atoms/cm , the above c a t a l y s t has 
7.3 x 10*"* surface atoms, g i v i n g a value f o r N £ approximately f i v e times 
the above value, which would be inconsi s t e n t w i t h the dispersion t o be 
expected (50-70%). However, the quoted c r y s t a l l i t e size (50&) was not 
determined as the s t a t i s t i c a l mean and the equation used to c a l c u l a t e 
the metal surface area i s necessarily approximate so t h i s value of i s 
somewhat u n r e l i a b l e . 
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APPENDIX I I 
Under the i o n i s i n g conditions used (16 eV) the fragmentation of ethane 
i s : C 2 X 6 + C 2 X 5 + C 2 X 4 + 
where A and B are the p r o b a b i l i t i e s of the two processes. A and B are 
taken to be independent of the nature of X (H or D), t h i s i s not s t r i c t l y 
c o r r e c t but i n c l u s i o n of the e f f e c t of d i f f e r i n g C-H and C-D bond 
strengths does not g r e a t l y a f f e c t the f i n a l analysis*"^ while g r e a t l y 
increasing i t s complexity. The o v e r a l l inaccuracy i s > 2% so the n a t u r a l 
deuterium abundance i s neglected also. The possible fragmentation 
products of the various C^ X^  isomers can thus be calculated s t a t i s t i c a l l y ; 
C 2D 6 (36) -4 C 2D 5 (34) C£ (32) 
(M + 8) 
• k j ) , (34) * tC0D. (32) 6 2 5 6 2 4 
C D H (35) 
^ 5 * 3 0 C 2 D 4 ( 3 2 ) (M + 7) |C 2D 4H(33) J U Z * 
f c 2 D 3 H ( 3 1 ) 
} ¥ l \ ( 3 2 ) 
|c oD.H(33) 6 2 4 
feC2D4 ( 3 2 ) 
3 0 C 2 D 3 H ( 3 1 ) 
C, D iH 2(34) } f ^ H (31) 
5 o W 
'2 4 2 
<M + 6) |rC 0D.H(31) 
! C 2 D 3 H 2 ( 2 2 ) 
" M C 2 D 2 H 2 ( 3 0 ) 
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C 2D 3H 3(33) 
(M + 5) 
f C 2 D 3 H 2 ( 3 2 ) 
fc 2D 2H 3(31) 
W 3 H ( 3 1 ) 
* feC2D2H2(30) 
* 3 0 C 2 D 2 H 2 ( 3 0 ) 
** 30 C2 D H3 ( 2 9 ) 
} sWa ( 3 0 ) 
C 2D 2H 4(32) 
(M + 4) 
6 C 2 D 2 H 3 ( 3 1 ) 
7C0DH. (30) 6 2 4 
3 5 C 4 D 2 H 2 < 3 0 ) 
30 C2 D H3 ( 2 9 ) 
! o C 2 D H 3 ( 2 9 ) 
30 C2 H4 ( 2 8 ) 
} T 5 C 2 D H 3 ( 2 9 ) 
C2DH5 (31) 
(M + 3) 
~C0DH. (30) 
t C2 H5 ( 2 9 ) 
C0H, (30) 
(M + 2) 
C 2H 5 (29) 
§ C 2 D H 3 (29) 
30 C2 H4 ( 2 8 ) 
7 co H/ ( 2 8 ) 6 2 4 
} I C 2 H 4 ( 2 8 ) 
C 2H 4 (28) 
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Contributions to each peak i n terms of each isomer are then: 
peak 
height Contributions: 
1. 36 = (M + 8) 
2. 35 = (M + 7) 
3. 34 = (M + 6) + |(M + 7) + A(M + 8) 
4. 33 = (M + 5) + |(M + 6) + |^(M + 7) 
5. 32 = (M + 4) + |(M + 5) + |£(M + 6) + | j ( M + 6) + |(M + 7) 
+ B(M + 8) 
6. 31 = (M + 3) + |^ CM + 4) + |(M + 5) + |CM + 5) + ||CM + 6) 
+ |SCM + 7) 
7. 30 = CM + 2) + |^ CM + 3) + |CM + 4) + |£CM + 4) + |^ CM + 5) 
+ |S(m + 6 ) 
8. 29 = CM + 1) + |(M + 3) + |^ CM + 3) + || CM + 4) + |(M + 5) 
9. 28 = CM) + | CM + 3) + ~r(M + 4) 
Equations CD-(7) are s u f f i c i e n t to solve f o r (M + 8) ^  CM + 2) and 
s u b s t i t u t i n g these values i n equations C8) and (9) allows the heights of 
the 28 and 29 peaks to be calculated. 
The programme given below calculates the percentage of each isomer 
CrtD H,. (n = 0-6) of the t o t a l ethane f r a c t i o n and compares the calculated 2 n 6-n 
heights of the 28 and 29 peaks w i t h the measured values. A and B are taken 
from a standard ethane fragmentation p a t t e r n , remeasured f o l l o w i n g each 
experiment on deuterated samples. 
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kk-. DIMENSION H ( 36 >tE < 36 > IEP t 36 1 »R(10) - : = = = ^ = ^ ^ ^ ^ 
fb — R E A D (2 »500) A»B """ : 
500 . FORMAT (2F12.5) : . " ^ .>^:"H-_^^ 
I F ( A ) 2 0 »70120 " " " 
=^.20, READ < 2t502 H-HJ I ) t1 * 28 »36 Tj£=g=r • = = = = g = 
502 """FORMAT (9F7.3> ~ ~' " ' "~ 
i = = = = U E( 6)=H( 35 ) " 
F = i : E < 5) =H ( 34 >-A* < E ( 6 ) /6# + E( 7) ) -1^ -^>->~--^= =z=^^===z===== 
P"'r E ( 4 ) = H < 3 3 ) - A * ( E ( 5 ) / 3 . + 5 * E ( 6 ) / 6 i ) ": 1 
E i r r ^ E ( 3 ) «H ( 32 ) ~A* (E ( 4) /2 • + 2*E( 5 ) /3 • ) -B* IE ( 5 J / 15.+ET6)/3 . + E ( 7 > ) ^ W l - ^ r 
F=^'"' E ( 2) -H ( 31 ) - A* (2 »E(3 >/3• + E( 47/2 • ) -3* ( E ( fi 1 /5% +B*E ( 5 )'/l 57+2*E( 61/3. ) 
= E = = - = t E ( 1) =H ( 20 ) -A* ( 5*E 12 >Y6 .+E t 3,1/3 • )-9* ( 2*E t 3.) /5#+3*E t 4 ) /$• +2*E ( 51 / b . r 
~R (1 ) = A* I E ( 1 ) +E ( 2 ) /6. ) + 9*""( 2*E ( 2 ) /3.+8*E ( 3 ) /15Y+E (4) /^. " " " J 
==li:R< 2 ) =B* (_E1M.1+E( 2 ) />• + £( 31 /15>X • = ^ " - ^ ^ ^ r ^ v > : r 7 ^ ^ ^ = ^ = ^ -== 
1 "SUM = 0* ^ " j t 
= = = ="5'UM• SUM+E ( I ==^ -^ -----^ =^ -=^ ======== -==^ .-^ = — ^ = 
£30. - CONTINUE =-~"-;-:======^ ^ 
"DO 40 " I = 1T7 = ^ - = = - ^ = - - = ^ V ^ — — : 
f 40 " " CONTI NUE " ™ ^ ^ = — — - - - — - — - ; 
l ^ ^ - E P i ' l ) =EP ( K) ~--'^==z=^^ = = = = = 
" WRITE < 3 • 5 ^ y ^ = = = ^ ^ - r ^ = ^ ^ : : ^ ^ = ^ - - — - ^ 
-503-=r FORMAT ( 50Xt 1 ETHANfeOI^Tgi BUT I Q ^ S ; L ^ / 7 ); _^ .-=g====== ^ r ^ f ^ E E ^ g r g ? : 
:^" v^ ~WR I TE ( 315 04 ) — - - - ^ " 
504 FORMAT ( t ! MASS» »7X • * R^K; • f • M f j j ? A R E N ^ » > X ^ D t g y ^ g ^ 6 X f r ^ ^ j 
" " 1 * PERCENT•• ) " — ~~ -- ; ~^ ^ 
:60: WRITE(3t505.) M • H (M ) »E t I ) • £P ( I ) E f E ^ ^ = = f ^ 
505 FORMAT ( 5X »I 2 t 5X 12F12 • 5 • 17X • F12 • 5 // ) " ~ '^"^ " : 
r?506^"""FORMAT (8Xt 1 PEAK~HT • 1 • 10x\ 1 RES I DUAL 1 > = ^ = ^ = = ^ ^ _ - = 
-_- "WR I TE ( 3 »507 H( 29 ) $R (1 >_ : £ E ^ ^ ^ - | - - ^ ^ E ^ = E ^ T = 
^507 FORMAT(2(5X»F12»5) ) ~- - - = : 
====^^ WR I TE ( 3 1507 ) :,H ( 28 ) tR { 2 ) ; J ; , , V : : " : ^ E ^ - -^=== ~==z==z^ 
- = - G O TO 10 — - : 
, 70 CALL EXIT ~ y ^ ^ ^ ^ ^ ^ ^ = = ^ ^ ^ = ^ = ^ . . 
^ END - • •-
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This is not the end 
I t i s not even the beginning of the end 
But i t i s , perhaps, the end of the beginning. 
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